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ABSTRACT
The problems of waterlogging and salinization are often associated with
irrigated agriculture. Both these problems exist in the San Luis Valley, in
southern Colorado. This study considers a 500 square mile study area south
of the Rio Grande River in the San Luis Valley. Many thousands of acres of the
study area are subject to waterlogging each year. A Fortran IV computer simu-
lation model of the stream-aquifer-irrigation system in the study areas was
developed. The computer simulation model is used to investigate two alterna~
tive management strategies and to compare effects with past water management
programs (the "historic strategy"). These strategies aim to lower the water
table in the waterlogged area to enable the growing of crops using center-pivot
sprinkler irrigation.
The report is divided into two main parts. The first part describes the
study area and the components and interactions considered in the development of
the hydrologic computer model, including a detailed description of the actual
computer program.
The second part of the report concerns an analysis of the management
strategies aimed at reducing the waterlogging problem. The historic strategy
and two alternative management strategies were subject to analysis. The first
alternative management strategy involves a 16 square mile well field called
the La Jara Creek well field development. The second alternative strategy
is the 10 square mile Rock Creek well field development. A comparison of the
effects of the historic management strategy and the two alternative well field
development strategies is provided.
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IRRIGATION, WATERLOGGING, AND DRAINAGE: AN HISTORICAL PERSPECTIVE
The transition from a hunting and food collecting way of life to one
based on agricultural food production affected all aspects of human existence.
No less significant than this early food producing revolution is the continuing
evolution of agriculture --the development of new systems of agricultural
technology, the incorporation of such systems into the framework of society,
and their gradual extension to other parts of the world.
Ancient history contains numerous references to the practice of irrigation.
These historical references are reinforced by the striking examples in many
countries, including Egypt, Iraq, and China, of ancient irrigation works still
in service. Many of these ancient works have been improved with modern tech-
nology and techniques and now are working more efficiently than when they were
constructed several centuries or milleniums ago. However, there are ruins of
many canals, tanks, and aqueducts which failed, fell into disrepair, or went
out of production after operating for a relatively short time (Stamp, 1961).
In areas where irrigated agriculture provided the agrarian base of society,
the benefit carried with it grave responsibilities. On one hand, control of
water resources permits the establishment of highly productive agricultural
practices and the consequent expansion of human society in regions where natural
rainfall provides either an inadequate or an unreliable moisture supply. On the
other hand, there are many potential adverse effects of the development of such
complex irrigation systems; and, if ignored, they may lead to disaster. Eckholm
(1975) identifies two factors which threaten the productivity of irrigation
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works. Both are of major importance but are often overlooked by those who
design the dams, canals, and wells. Soil salinity, usually caused by mis-
managed irrigation is undermining to varying degrees the productivity of a
large proportion -- some saY.as much as one-third -- of the world's irrigated
lands. The other factor is waterlogging -- the saturation of soils due to
the water table rising into the root zone, with the consequent damage to crop
production.
The demise of a number of ancient societies has been attributed to a
breakdown in the social structure needed to operate, maintain, and replace
their irrigation systems. One of the most notable examples occurred along
the Tigris and Euphrates Rivers before the birth of Christ. There is evidence
that similar disasters befell Anasazi Indian settlements in what is now the
southwestern United States, as well as in portions of the Indus Basin in what
is now Pakistan. In fact, an economy or culture based on irrigated agricul-
ture that has survived over a few hundred years is more the exception than the
rule (Moore, 1972).
Waterlogging is without question one of the most prevalent and serious
problems associated with irrigation in arid regions of the world. In its
physical aspects, the problem arises as follows: The excess of irrigation
water applications over and above evapotranspiration losses will percolate
below the crop root zone, eventually reaching the groundwater table. The
water table will in time rise, eventually to reach the crop root zone and
even, in lower lying areas, the land surface. Saturated or waterlogged soils
are usually detrimental to crop yields, and the rising water table often
leads to salinization, a further detriment to crop production. When water
is applied to a crop, most of the moisture leaves the soil through evapo-
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transpiration; but the salts remain in the soil. If a large enough portion
of irrigation water over crop needs is applied, the soluble salts will be
carried past the root zone. But if the water leaching past the root zone does
not contain as much of the dissolved salts as was applied with the irrigation
water, the net result is an unfavorable salt balance resulting in a salt
accumulation within the soil and a loss in productivity. Since these problems
are often companions, any actions, suchas pumping down the water table or
drainage. systems which relieve waterlogging, will do much to relieve salt
accumulation in soils (Luthin, 1957).
There are numerous discussions of the waterlogging problem in the tech-
nical literature.
Systematic drainage and reclamation has been tried back as early as the
pre-Christian era in Greece, where a system of drainage ditches to reclaim
apparently waterlogged land has been reported (FAD/UNESCO, 1973). A good
technical review of the problem is provlded by, among others, Aart (1974).
Bouwer (1974) gives a detailed discussion of salinity control and how it is
used in drainage system design. Arnon (1974) describes the history of irri-
gation in the Imperial Valley in California.
In contrast to the abundant technical literature in hydrology, soils,
and agronomy, comprehensive legal-economic analyses of the waterlogging pro-
blemare relatively rare. A WRSIC search and our own review turned up only
the following. The White House-Interior Department Panel on Waterlogging and
Salinity in the Indus Basin (1965) studied the serious problems in what was
then West Pakistan. Johnson (1975) analyzed the problem in the Closed Basin,
San Luis Valley, Colorado, with a detailed economic model of water allocation.
Due to resource limitations, his approach relied on a simplified hydrologic
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model. He concluded that the existing problem in the area would likely be
overcome by the increased development of center pivot sprinklers using ground-
water. The pumping would most probably lower the overall water table in the
area he studied sufficiently to restore productivity without further drainage
activities. Rigaux and Singh (1977) present an elaborate analysis of the
economic feasibility of a drainage network in Manitoba~ Canada. When heavy
rains occur~ leaving standing water on fields~ the area suffers from serious
crop damage which can be avoided or reduced by removing the excess water in
a rapid fashion. The study was particularly noteworthy for its detailed em-
pirical analysis of the detrimental effects of various periods of standing
water on crop yield. Fitz~ etal.~ (1980)~ in an innovative study~ examined
the economic feasibility of installing a tile drainage system in a central
California irrigation district.
THE PROBLEM SETTING
The San Luis Valley is a large relatively flat area located in the high-
lands of south central Colorado. The valley floor itself covers an area
nearly twice the size of the state of Delaware. It is bounded on the west
and north by the Continental Divide~ and on the east by an offshoot of the
Rocky Mountains~ the Sangre de Cristo Range. The valley lies in the drainage
of the headwaters of the Rio Grande River~ an area of about 8~OOO square miles.
The Rio Grande enters the valley from the west and flows south out of the
valley into New Mexico.
The climate is that of a high mountain desert with an average annual
precipitation of about seven inches. The desert climate makes irrigation
essential for agricultural production. The short growing season of from 90
5
to 120 days limits the available crops to those adapted to shQrt cool seasonS t
such as barley, potatoes, forage crops, lettuce, and peas.
The northern portion of the valley lies within a closed basin which is
separated from the Rio Grande drainage by a low alluvial divide. The trough
or sump of the closed basin is defined in general by a contour of 7,525 feet.
The groundwater in the San Luis Valley occurs in two types of aquifers'--
unconfined and confined. These aquifers consist mainly of unconsolidated clay,
silt, sand, and gravel. The unconfined aquifer is relatively shallow (less
than 200 feet) and occurs nearly everywhere. The average depth to groundwater
varies from year to year, but is usually less than ten feet. The confined or
artesian aquifer occurs under nearly one-half of the San Luis Valley. The
two aquifers are separated by a "clay series" or by an upper layer of volcanic
rock. A summary of the thickness, physical character, and water supply charac-
tersitics of the aquifers is given in Emery, et al., (1973).
Historical Background on Water Use in the San Luis Valley --Most of the
pioneer farmers of Colorado came from the humid East. Inasmuch as they were
unaccustomed to farming in a region of less than ten inches of annual rain-
fall, they had to adjust their agricultural techniques and institutions to
their new environment. However, the first farmer-settlers in the San Luis
Valley were Spanish-Americans from arid New Mexico; they moved up from the Rio
Grande Valley and settled on the Culebra and Conejos Rivers in the southern
porti on of the San Lui s Vall ey. On April 10, 1852, these settl ers began the
San Luis People's Ditch, which has the distinction of being the oldest ditch
in Colorado in continuous use and has the first priority of water for agri-
culture under Colorado's irrigation laws (Smiley, et al., 1913).
These early canals were of necessity narrow and crude affairs designed
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to irrigate small plots of land. Irrigating was done by means of the check
and border system. Small rectangular areas were enclosed by banks of earth
and the basins so formed were flooded to a depth of two to three inches.
It was not until the l880's that the first large system for irrigation,
planned upon modern principles, was started in the San Luis Valley. The great
main ditch, now called the Rio Grande Canal, was on the northward side of the
Rio Grande and was the largest canal in the United States at its time of con-
struction. By 1890 the present skeleton of canals south and north of the
Rio Grande had been completed (Hafen, 1948, p. 129).
Following the completion of the major canals in the late 1880's, farmers
of North European stock came to settle the San Luis Valley, especially the
area north of the Rio Grande River. Wheat and oats were the principal crops.
To water their fields, the farmers developed a unique system of irrigation
known as sub-irrigation. The technique of sub-irrigation involved .bringing
the groundwater table up to within 20 to 30 inches of the ground surface by
massive applications of surface water during the spring runoff. Once the
groundwater table was raised, it was maintained by small flows in sub-ditches.
These ditches were about 18 inches deep and were spaced on 20 to 50 foot cen-
ters. Water,peircolated from these ditches maintaining the water table within
reach of the plant roots (Hafen, 1948, p. 148).
Initial wheat yields were good -- sometimes between 40 and 60 bushels an
acre -- and flour mills were built at Del Norte, Monte Vista, Hooper, Mosca,
and Alamosa. However, this method of sub-irrigation soon resulted in lower
lands "going to seep" and forced abandonment of many farms. The rapidity and
impact of this loss of productive lands is graphically described by a con-
sulting engineer's report.
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This process of abandonment progressed westward at a rate
from one-half to one mile per year, other lands being brought
under irrigation further west that formerly had been too dry
to irrigate without drainage. Finally, the irrigated area
extended westward to the large canals on the western edge of
the valley 'floor, and the central portion of the valley that
had formerly been beneficially irrigated was rendered un-
productive by seepage. (Tipton, 1939, p. 166)
While land in the area north of the river would have perhaps had water-
logging problems in time due to the sub-irrigation practices, the fact that
this area· was a closed basin -- that is, an area with no natural drainage
outlet -- served to hasten the eventual outcome. By 1915 most of the land
around Mosca and Hooper had become waterlogged. Drainage of the irrigated
lands by community effort started about 1915, when local drainage systems
were constructed. Four of these systems served the land in the closed basin,
only one of which led to the Rio Grande River. The others drained into the
"sump ." These systems, while relieving local problems, contributed to down-
gradient waterlogging and simply served to pass problems on to other areas.
Proposals for a main outlet drain to carry water from the closed basin
to the river began to appear in the early 1900's. The first comprehensive
study for such a drain was made jointly by the United States Department of
Agriculture (USDA) and the U.S. Bureau of Reclamation in 1915 and 1916. This
or similar plans were reviewed periodically over the years.
The most recent plan to relieve the closed basin drainage problems is
the "Closed Basin Project" proposed by the U.S. Bureau of Reclamation (now
the Water and Power Resources Service). This project would drill a series
of well fields directly in the sump area and then gravity flow the water to
the San Luis Lake. From the lake the water would be released into the Rio
Grande River as part of the Rio Grande Compact requirement.
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Similar p:roblems of waterlogging were encountered in the portion of
the San Luis Valley which lies to the south of the Rio Grande, between the
Rio Grande and the Conejos Rivers. Due to relatively less water per unit
land being diverted into the area, and because the area benefited from better
na tura1 dra i nage (i n the sense that there was no closed bas in), the .prob1em
was longer in appearing and somewhat less severe in impact. 'However, with
decades of upslope irrigation on these heavier soils, a severe porblem~f
waterlogging has developed., together with a serious soil saliniz:ation in
tens of thousands of acres of otherwise potentially productive lands. It
is this area to which the present study is directed.
We turn now to a description of the institutional arrangements important
in managing water in the San Luis Valley.
The Rio Grande Compact -- Irrigation ,was i'nitiated along the Rio Grande
River in the states of Colorado and New Mexico and in the Republic of Mexico
over 300 years ago. A nominal area was irrigated in New Mexico probably as
early as the 16th century. Irrigation development took place rapidly in the
San Luis Valley during the decade 1880 and 1890. However, 'no significant
areas were put under irrigation in Texas until after the completion of Elephant
Butte reservoir in 1916..Due to the common need of the three states of Colorado,
New Mexico, and Texas, and of the Republic of Mexico, for water from the Rio
Grande for irrigation, and, due to the fact that the available water supply
developed by the stream is not sufficient to irrigate all of the irrigable
land adjacent to the stream, disputes arose at an early date between 'Mexico
and the United States and among the states over the uses of the water from
the river.
The international difficulty was brought toahead by the occurrence
9
in the 1890's of a cycle of extremely low runoff in the Rio Grande Basin.
Finally, as a result of such controversy on December 5, 1896, an embargo
was placed upon the river by the Department of the Interior which prevented
the granting of rights-of-way over public lands for the construction of
reservoirs on the upper Rio Grande, and a treaty was entered into with the
Republic of Mexico on May 21, 1906, proclaimed by the President on January 16,
1907, ceding to that nation 60,000 acre feet of water from the Rio Grande
annually in perpetuity.
To insure the fulfilling of the terms of the treaty, the United States
Bureau of Reclamation constructed the Elephant Butte reservoir on the Rio
Grande in the state of New Mexico. The reservoir, with a capacity of 2,600,000
acre feet, was placed in operation in 1916. The area served by the reservoir
at present is about 200,000 acres, including the area irrigated in Mexico.
The placing of the embargo upon the river and the ceding to Mexico of
the 60,000 acre feet from the limited common water supply accentuated the
interstate controversy over the uses of the water of the river.
Colorado interests were finally able to get the embargo on the river
removed in 1925, following which immediate steps were taken to finance the
construction of reservoirs on the upper river. Threats of interstate liti-
gation prevented such steps. Following a number of preliminary conferences,
active compact negotiations between representatives of the states of Colorado,
New Mexico, and Texas started in 1928.
Such negotiations finally culminated in a temporary compact in February,
1929, between the three states. This compact simply provided that conditions
on the stream would remain status ~ as far as water consumption was concerned
for a five-year period. It provided, also, that negotiations should be under-
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taken to consummate a permanent compact. Negotiations between the commission-
ers of the three states were resumed in the winter of 1934.
The temporary compact was extended for a two-year period from June 1,
1935, to June 1,1937, and later to October 1, 1937. The Rio Grande Compact
was finally formulated and signed in March, 1938. The Compact was ratified
by the three states' legislatures in February and March, 1939, consented to by
Congress, and approved by the President on May 31,1939 (Radosevich, Hamburg,
and Swick, 1975).
Co1orado's obligation to d.eliver water at the Colorado-New Mexico line,
as set forth in the Compact, is based upon the relationship between inflow and
outflow of tributary water in the San Luis Valley for the years 1928-1937, in-
clusive. The Compact also recognizes the potentiality of salvage of Closed
Basin waters for beneficial use. However, this salvaged water is not credited
to Colorado unless it meets a water quality standard. Radosevich and Hamburg
quote from the Rio Grande Compact as follows:
In event any works are constructed after 1937 for the purpose
of delivering water into the Rio Grande from the Closed Basin,
Colorado shall not be credited with the amount of such water deli-
vered, unless the proportion of sodium ions shall be less than
forty-five percent of the total positive ions in that water when
the total dissolved solids in such water exceeds three hundred
fifty parts per million.
Due to a number of circumstances Colorado did not always meet the delivery
requirements of the Rio Grande Compact and through the years compiled a rather
substantial deficit. This problem finally came to a head when the downstream
states of New Mexico and Texas sued Colorado, claiming that Colorado was 840,000
acre feet in arrears to those states. The case eventually reached the U.S.
Supreme Court, where it is now held in abeyance as long as Colorado meets it
current delivery obligations under the Compact.
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According to the terms of the Compact, Colorado cannot construct or
operate any new reservoirs as long as it is held to be in debit status. Thus,
not until Colorado has removed its deficit, will the state be able to regulate
the river in such a manner as to avoid cycles of overabundance or drought.
The Present Situation -- Years of large-scale diversion of Rio Grande
water into the area south of the river, combined with the practice of maintain-
ing the water table sufficiently high for sub-irrigation have resulted in
waterlogging and some salinization of tens of square miles of lower lying
lands. The appropriation doctrine, as presently interpreted in Colorado, has
encouraged a system where each individual considers only the results of his
actions (on his farm) even though downslope impacts have become obvious. There-
fore, some type of collective action, which represents. a modification of the
existing rules, must be sought. Institutional' changes (drainage and improve-
ment districts) and investments in conveyance and drainage facilities are
required for control of the problem. The farmers in the valley are aware of
the complexity of the problem, but up to this time have not had the analytical
tools and the necessary data to analyze the economic implications of alternative
solutions. The model developed will allow the simulation of many different
activities. The results of these simulation runs will provide the local
planners both economic and physical data with which they can measure the trade-
offs between different alternatives. These data will allow the planner to
obtain maximum economic benefits from the water resources system.
OBJECTIVES
The overall objective of this study is to develop a systematic approach
to predicting impacts of alternative procedures for management of irrigation
water so as to minimize waterlogging and salinization and to improve water-use
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efficiency. The specific model is developed for and applied to the San Luis
Valley, Colorado; but the general methodology will be applicable to other
areas. To achieve the overall objective, the following specific steps will
be taken:
1. Develop a computer simulation model which will enable the prediction
of the impact of management and control measures on groundwater
status and river flows throughout the affected area;
2. Inventory the potentially reclaimable waterlogged and salt-affected
lands in the study area, according to degree of waterlogging and
salinization;
3. Review the existing legal structure and formulate a set of institu-
tional arrangements which would accomplish waterlogging control and
assure adequate financing and management of the system;
4. Operate the model for a selected set of control measures, so as to
predict their impact on water table and river flows.
PLAN OF THE REPORT
The remainder of the report is organized as follows: Chapter 2 describes
the components and interactions considered in developing the hydrologic model.
Chapter 3 describes the computer simulation model. Chapter 4 describes the
management strategies evaluated with the computer model. Chapter 5 presents
and discusses the results of the simulation runs, while Chapter 6 presents a
summary, conclusions and recommendations for further research. Agronomic
considerations are summarized in one appendix.
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STUDY AREA
The study area (Figure 1) selected comprises a portion of the San Luis
Valley containing a region of waterlogged land adjacent to the Rio Grande in
the central to southern part of the valley.
The nearly flat San Luis Valley covers about 8,000 square miles. The
average elevation of the valley floor is approximately 7,000 feet. The valley
is bounded on the west and north by the Continental Divide~ on the east by the
Sangre de Cristo Range, and on the south by the Colorado-New Mexico state bor-
der. The physiography varies from a high mountain desert with an annual
precipitation of 7.5 inches to high surrounding mountains with an annual pre-
cipitation of 45 inches.
The study area selected consists of approximately 500 square miles lying
to the south of the closed basin and contains the wedge of land between the
Rio Grande and ,the Conejos River. The northernbounda~ begins just downstream
of Del Norte on the Rio Grande and runs almost parallel to the river in a south-
easterly direction along the low lying ridge marking the hydraulic divide which
separates the Rio Grande from the closed basin. The northern boundary ends
close to the confluence of the Rio Grande and Conejos Rivers. From here the
southern boundary runs south-westerly along the Conejos River with the San
Luis Hills immediately adjacent to the south to a point upstream of Antonito,
the boundary then turns directly west until intersecting La Jara Creek. The
western boundary runs from La Jara Creek roughly northwards back to the begin-
ning of the northern boundary near Del Norte.
The waterlogged area stretches from Alamosa in a south-easterly direction
in a strip parallel and south of the Rio Grande towards the confluence of the
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Figure I, Location Map of Study Area, San Luis Volley, Southern Colorado
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overall interdisciplinary study. The waterlogged area is also outlined-"in
Figure 1.
CHAPTER II
DESCRIPTION OF COMPONENTS AND INTERACTIONS CONSIDERED
IN DEVELOPMENT OF THE HYDROLOGIC MODEL
TYPE OF HYDROLOGIC MODEL REQUIRED
General
The type of hydrologic model required should enable the study of various
management strategies and their effect on the waterlogged area. The model
should be a planning or management model rather than an exact operating model.
It should give an overall idea of changes which occur when various management
strategies are simulated. The results from the hydrologic model are to be used
as input to an economic study. Although the hydrologic model is separate
from the economic model, it is influenced by economic considerations reflected
through the various management strategies.
Composition of the System: The system to be studied is composed of a
number of features. It includes the natural features of a stream-aquifer sys-
tem along with the modifications introduced by man's engineering (canals, dams,
reservoirs, wells, ditches) and agricultural practices (center pivot sprinkler
irrigation, furrow irrigation) (Morel~Seytoux, 1979, p. 9). Legal, political,
and economic components also affect the system.
To manage the system,each of the components must be described in a pre-
cise quantitative way in the hydrologic model (Morel-Seytoux, 1979, p. 3).
However, the use of simplifying assumptions for modeling of various components
which still yield reasonably realistic results from the hydrologic model should
be investigated.
Modeling of the Unconfined Aguifer: Modeling of the unconfined aquifer
and streams in the study area and the stream-aquifer interaction forms the
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basis of the hydrologic model. The already existing discrete kernel approach
is used to model the unconfined aquifer. This approach conveniently provides
the unconfined aquifer response both to pumping from wells and seepage flow
from the river, as well as the river response to pumping from wells (Morel-
Seytoux, 1975, p. i). Three types of excitation which need to be considered
in the hydrologic model include upstream inflows, stream diversions, and the
net aquifer withdrawals (Morel-Seytoux, 1979, p. 12).
Waterlogging: The waterlogging in the San Luis Valley is a result of
the unconfined aquifer level rising to near the ground surface. Consequently,
to assess the effects of various management strategies on the waterlgging,
the actual evolution of the unconfined groundwater aquifer levels with time
is required. One feature of the model needs to be the calculation of the un-
confined aquifer level at various locations within the waterlogged area and
in the surrounding irrigation areas.
Irrigation areas to the north, west, and southwest of the waterlogged
area contribute to the build-up of the levels of the unconfined aquifer due
to irrigation methods employed in the San Luis Valley. These irrigation areas
and the methods used by farmers to manage surface water diversions from the
rivers and the groundwater withdrawals will also need to be considered.
Return Flows: To model a stream-aquifer system, such as the one being
considered in the San Luis Valley, the interaction between the stream and
aquifer must be recognized. The term "return flow" refers to the exchange
of water between the river and unconfined aquifer or vice versa. These re-
turn flows depend on the level of water in the river and the level in the un-
confined groundwater aquifer in the region of the river. Consequently another
feature needed in the model includes the calculation of the river stage and
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its subsequent variation along the fiver and the calculation of the unconfin-
ed a'quifer level in the region of the river.
Climate: The nature of the climate in the San Luis Valley has led to
the use of irrigation due to the lack of sufficient rainfall during the irri-
gation season. Rainfall, streamflow, and evaporation as well as crop require-
ments for water during the growing season are also factors that should be
considered in the development of a hydrologic model of the study area.
Legal Constraints: Legal aspects affecting the conjunctive water use
in the San Luis Valley were introduced in Chapter 1. The Water Right Doctrine
for distribution of irrigation water and the Rio Grande Compact Agreement which
attempts to ensure water supply for the downstream states and Mexico will play
an important role and will constrain the way in which certain quantities of
water may be used. These two legal aspects are important features of the hy-
drologic model.
Component Interactions: Finally the interactions between various compo-
nents mentioned above must be evaluated. The important interactions will be
consequently included in the hydrologic model of the study area.
Time Increment and Grid Size Selection
Three important parameters need to be dec i ded upon before cons idari ng
any of the components or interact tons in deta i 1 a,nd before,ga thering data for
the model. These are the time h.orizon, the time increment, a,nd th,e, gri'dsize,
The finite difference model utilized to generate the discrete kernels forth.e'
unconfi ned aqui fer response partly determines the' time i'ncrement and gri d
spacing. These aspects are di.scuss-edmore f.ully in a, later,·section.
Time Horizon: In order to assess the long term effects of the' various
management strategies a reasonable time horizon over which the hydrologic
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model simulates the study area is required. On the other hand the cost of a
simulation run increases with time. The increase is not a straight line,
but increases in slope as time goes on. Doubling the time horizon much more
than doubles the cost of a run. This is a consequence of the technique used
to model the unconfined aquifer, i.e., the discrete kernel approach, which will
be more fully detailed in a later section. The number of calculations in any
one time step using the discrete kernel technique is directly proportional to
the number of time steps from the beginning of the run. Consideration of the
factors mentioned above led to the selection of a time horizon of 12 years.
Time Increment: A one~month time increment is used in the hydrologic
model. This is regarded as a time period which adequately reflects the sea-
sonal variation of the system. A smaller time increment would improve the
accuracy of simulation, but also would increase the cost of running the vari-
ous management strategies.
The water year is from October to the following September and has been
used in the hydrologic model as the basic year. Simulation runs begin in
October. The frost-free season in the valley ranges from 90 to 115 days
(USDA, 1969). Surface water diversions occur during April to October.
Grid System Size: To enable modeling of the study area it is necessary
to overlay the study area with a grid system of finite difference calculation
cells in order to apply the discrete kernel approach. The grid system enables
the representation of a continuum (physical problem) by a set of points some
distance apart (Peters and Morel-Seytoux, 1977, p. 33). The grid system
allows the unconfined aquifer, the rivers and canals, and the irrigated areas
to be modeled using a distributed approach, i.e., spatial variability can be
accounted for. However, within each grid cell a lumped parameter approach is
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used to describe changes within the cell. The effect of pumping, the aquifer
properties,: or the evaporation, etc., are assumed to be uniformly distributed
over the cell, i.e., the properties surrounding any one grid point but within
the grid cell are assumed to be homogeneous. For example,a pumping excita-
tion may occur at four separate wells within one of the cells" however, the
hydrologic model would regard the combined eff.ect of the wells as acting unf-
formly over the cell.
The first decision related to the selection of a grid system is to adapt
a square grid system. The closer th.egri d points are toone another the more
accurate1y the model represents the physi cal problem (Peters .andMorel-Seytoux,
1977, p. 33). On the other hand, the greater the number of grid cells the
greater the computer costs and storage requirements. Based on these computer
costs and storage, along with th€ NASA infrared photographs whi char.e used to
determine location and size of the irrigation areas, a grid system spacing
of one mile is selected. This spacing is as small as practical for using the
infrared photographs (see a later section for further discussion), however, one
mile is small enough so as to adequately model the study area. This g,rid spac-
ing adequately represents the variation of aquifer parameters of transmis-sivity
and porosity over an area by a single point value.
The portion of the San Luis Valley to be modeled and the grid system is
shown on Figure 2. This entire grid is not used in the model. The portions
used and criteria behind selection of portions is discussed in the later
subsection on the moving grid system (section on Aquifers).
Units Used in the Hydrologic Model
Elevations and depths in the model are expressed in terms of feet while
volumes of water are expressed in acre feet/month. Originally meters and meters
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cubed were used for height and volume respectively, however, it was decided
to change to the Imperial System. The first reason for this change stems from
the size of the grid system being selected as one square mile rather than a
,metric distance. Secondly, if this report is to be used by people familiar
with the San Luis Valley it will be much more useful to them if presented
in easily recognizable units. Volumes in meters cubed become excessively large
and while millions of meters cubed is convenient, it may be difficult to attach
a physical meaning to the quantity unless there is some familiarity with the
metric system. However, it should be noted, metric units are used in some
sections of this report summarizing work completed prior to changing to the
Imperial System. Conversion of these values to Imperial is not warranted.
Output from the Model
To summarize, the output from the model needs to include the following
at each monthly time step.
(i ) Rio Grande and Conejos River historical inflow and outflow
(i i ) Rio Grande and Conejos River predicted outflows
(iii) Water table elevations at each of the 34 calculation cells in
the Observation Area
(iv) Monthly and annual quantities of
- stream diversions
- irrigation efficiency and crop use
- unconfined aquifer recharge and withdrawals
- surface runoff to down gradient areas
- pumping from confined and unconfined aquifer
- evaporation
- return flows
(v) Information relating to each channel reach including
- elevation of river surface
average elevation of unconfined aquifer in vicinity
of the ri ver .
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- their difference
- transmissivity of the reach
- return flow for the reach
- diversions from the reach
- quantity of water flowing into and finally leaving
the reach
PHYSICAL COMPONENTS OF THE SYSTEM
General
The physical components of the study area which are considered in the
computer simulation hydrologic model include the rivers, the aquifers, the
irrigation areas, the irrigation water distribution systems, and the waterlogged
area. These components are each discussed in detail in following sections.
Sources of irrigation water for the study area include surface water,
confined, and unconfined groundwater. The primary source of surface water in-
flow is derived chiefly from snowmelt. The ihree main supplies of surface
water to the study area are the Rio Grande, the Conejos River, and the La
JarajAlamosa Rivers. Water from these sources is conveyed to the irrigation
areas via man-made irrigation canals. The three major canals carrying Rio
Grande water south are the Monte Vista Canal, San Luis and Rio Grande Canal,
and the Empire Canal. Five major irrigation areas have been denoted depending
on source of surface water supply. Appropriately these areas are the Empire
irrigation area, Monte Vista irrigation area, San Luis and Rio Grande irriga~
tion area, Conejos irrigation area, and La JarajAlamosa irrigation area.
Figure 3 shows these five major irrigation areas and the downslope drainage
areas (where overland drainage from the irrigation areas finally percolates
to the unconfined aquifer).
Various components and interactions within the system can be modeled to
different degrees of complexity. The following sections outline the basic
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Figure 3. Major Irrigation Areas
Within the Study Area
and the Downslope Drainage
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physical components and interactions which need to be included in the com-
puter simulation model. The modeling technique employed in the computer
model for each component and interaction is also discussed noti~gthe degree
of complexity adopted.
The Waterlogged Area
Description: The location of the waterlogged area is south and west of
Alamosa. In order to evaluate various management strategies, it is necessary
to know how the levels of the unconfined aquifer in the region of waterlogged
area evolve with time. The unconfined aquifer elevation is calculated in each
time step at 34 square mile grid cells within and close to the waterlogged area.
These 34 cells are referred to as IIcalculation cells. 1I The location of these
34 cells is shown in Figure 4. The calculation cells require a grid system
for calculation of aquifer levels. The grid system is referred to as the
observation area grid system and it is also shown in Figure 4. The grid cells
at which aquifer levels are calculated are selected to include cells in the
waterlogged area as well as cells in the surrounding irrigation areas and down-
slope drainage areas to the west of the waterlogged area.
Modeling Technique: The waterlogged area is modeled using the discrete
kernel approach. (Discussed in detail in the section on Aquifers.) The
approach gives a detailed account of the month by month evolution of the un-
confined aquifer over time for the 34 calculation cells.
Rivers
Description: The rivers considered in the computer model which are im-
portant to the study area are the Rio Grande, Conejos River, and the La Jara
Creek/Alamosa River system. The San Luis Drain which runs close to the
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Alamosa River is also considered in detail, as it is a major channel avail-
able to carry excess water away from lower portions of the study area (see
Figure 2). The drain serves a double purpose. The upper reaches collect
return flow and then redistribute this water to farms further downstream while
the lower parts serve as a true drain for irrigation return flow. In the
lower parts the drain joins the La Jara Creek which flows into the Rio Grande.
Modeling Technigue: The Rio Grande and Conejos River are modeled in de-
tail in the simulation model. They are both assumed to be hydraulically
connected to the unconfined aquifer. However, for simplicity it is assumed
these channels are not affected by other channels.
On the other hand, the La Jara Creek and Alamosa River are not modeled
in nearly as much detail. These two water courses only carry a small amount
of water except during high spring snowmelt flows when flooding can occur
and many diversions to adjacent irrigation area~ are made. All the spring
streamflow from the two streams, most of which is regulated by reservoirs on
the La Jara Creek and Alamosa River is assumed to be diverted to the La Jara/
Alamosa irrigation area which is comprised of scattered lands in the center
of the study area adjacent to and west of the waterlogged area. The nearby
San Luis Drain is modeled in detail and is assumed to hydraulically connected
to the unconfined aquifer. Rock Creek flows through the study area but only
carries flows in the spring and has been ignored in the hydrologic model.
-River reaches: The grid system overlayed on the study area divides a
river into reaches. A river reach is that portion of a river contained with-
in a square mile grid cell. River reach numbers are associated with each of
the river cells beginning at the upstream end. The Rio Grande has 57 river
reach cells, the Conejos River has 17 river reach cells while the San Luis
28
Drain has 21 river reach cells. These are also denoted in Figure 5.
-Return flows: In order to calculate the return flow between the uncon-
fined aquifer and the river or vice versa for a particular river reach, the
stage in the river reach and the average unconfined aquifer level in the river
reach grid cell is required. The river stage can be obtained using a stage-
discharge relationship which is described in detail in Chapter III. However,
the average unconfined aquifer level requires knowledge of the excitations
at adjacent and nearby grid cells to be able to calculate the effect on the
aquifer level at the river reach under consideration. The result is that
three separate river grid systems are required. These include a grid system
for the Rio Grande, for the Conejos River, and the San Luis Drain. This en-
ables the unconfined aquifer levels in each of the 95 river reaches to be
calculated in each time step. The three grid systems and the respective river
reaches are shown in Figures 6 to 8. The reasoning behind the selection of
the shape of these grid systems is discussed in detail in the following section
on Aquifers. Appropriate numbering systems for each of the cells.within the
three grid systems are used. This is not discussed in detail here. It should
be noted these grid systems do overlap.
-Reach outflow computation: The outflow from a reach for a particular
time period can be determined given the inflow to the reach and the diversions.
Various modeling techniques can be used. Aclassical approach is the Muskingum
method of flood routing (Morel-Seytoux, 1979, p. 23). This approach and the
fluid mechanics approach for flood routing are considered to be too sophisti-
cated with regard to the objectives of the study to warrant inclusion in the
hydrologic model. Instead, a simple mass balance technique is used to model
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Figure 8. The San Luis Drain Grid System
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becomes the inflow for this reach. Diversions to canals are subtracted from
inflow while return flow is subtracted when there is flow from river to uncon-
fined aquifer and added when flow is from unconfined aquifer to the river. The
final result is the outflow for the reach.
The inflow to the first reach on the Conejos River and Rio Grande is the
historic inflow; this will be discussed in detail in Chapter III. The result-
ing outflows predicted by the computer model for the furthermost downstream
river reaches on the Rio Grande and the Conejos River both measured just above
their confluence can be compared with historic measured flows to assess the
model calibration.
Reservoirs
Description: A number of reservoirs are utilized for regulation of the
spring runoff in the San Luis Valley. In the upper reaches of the Rio Grande~
the Beaver Creek Reservoir, the Continental Reservoir~ Rio Grande Reservoir~
and Santa Maria Reservoir regulate streamflow. On the Conejos River~ the
Platoro Reservoir (60~OOO acre feet) regulates flow while on the La Jara Creek
the La Jara Reservoir (14~040 acre feet) regulates streamflow and on the Alamosa
River~ Terrace Reservoir regulates flow.
Modeling Technigue: The regulating effect of the reservoirs is not model-
ed directly in this simulation model. The model is not supposed to be an exact
operating model but rather a management model which will give a general idea
of the effects of implementing various management strategies.
In Chapter III~ it is shown that a 30 year average inflow is calculated
for the Rio Grande and Conejos Rivers and the Alamosa River/La Jara Creek sys-
tem. These 30 'yEar averages are used as streamflow input to the computer
model. Some of the reservoirs (e.g.~ Platoro Reservoir on the Conejos~ 1951)
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were constructed within the period (1935-64) used to calculate the 30 year
averages. The regulating effect of the reservoirs does not greatly affect
the system and any effect is reflected in the 30 year average streamflows.
The effect on the 30 year averages of construction of reservoirs within the
period 1935-64 is assumed to be negligible.
Lack of Upstream Storage: The Rio Grande Compact has resulted in a lack
of upstream storage on the Rio Grande restricting the ability to capture and
fully utilize the spring runoff in the river. The Compact also places restric-
tions on the way some of these reservoirs are operated. There are pre- and
post-Compact storages. Post-Compact storage cannot be increased.
Aquifers
Description: Groundwater occurs in two types of aquifers, unconfined and
confined (Emery, et al., 1973, p. 1). The composition of these aquifers in-
cludes unconsolidated clay, silt, sand, and gravel. Clay layers and lava
flows separate the unconfined aquifer from the confined aquifer. Figure 9
shows a diagrammatic section of the two aquifers in the San Luis Valley (Emery,
et a1., 1972, Back Cover). Unconfined groundwater occurs nearly everywhere in
the valley while confined or artesian groundwater only occurs under one-half
of the San Luis Valley. The confined aquifer is hydrologically connected to
the unconfined aquifer. Upward leakage from the confined aquifer to the uncon-
fined aquifer occurs through and around the clay layers. Emery, et al., 1973,
p. 12, indicate this seepage may be considerable.
The unconfined aquifer is bounded hydrologically on all sides except the
southern boundarywheresimpl ifying assumptions have been made. The San Juan
Mountains to the west of the study area bound the unconfined aquifer. Just


















Fig. 9:. Diagrammatic section of the unconfined and confined aquifers.
(after- Emery et a1., _1972,_ Back_Cover) ... . . . ._.__. _
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by previous studies (Emery, et al., 1972). This corresponds to the water
divide between the Rio Grande and the Closed Bas;n. The San Lu;s Hills to the
southeast also bound the unconfined aquifer. Only about 8 miles of the south
boundary permit hydrologic flow, but this is a region where the unconfined
aquifer thins out rapidly and where the proportion of water diverted to irri-
gation from the Conejos can be estimated.
Emery, et al., 1973, p. 14, indicates that during 1969 the depth to water
below land surface was 12 feet or less over one-half the valley while Plate
1 (Emery, et al., 1973) indicates the unconfined aquifer levels in the study
area are less than 6 feet below the ground surface.
Modeling Technique: The confined aquifer is modeled using essentially
a black box modeling technique. The model assumes each of the five major
irrigation areas has a certain total confined aquifer well capacity. This
confined water is assumed to be supplied under pressure to the farms all year
round. During the winter months the crop need and evapotranspiration is close
to zero and consequently the confined aquifer water delivered is assumed to be
apportioned between aquifer recharge and downslope drainage. Any leakage from
the confined to the unconfined aquifer is ignored.
The unconfined aquifer is modeled in much more detail than the confined
aquifer. A distributed approach has been adopted to describe the state of
the system more closely to account for both the effect on the unconfined aquifer
of rivers, canals, farms, and irrigation wells and the spatial variation of un-
confined aquifer properties (Morel-Seytoux, 1979, p. 21). Excitations, i.e.,
net withdrawals or recharge at each of the 499 square mile grid cells, are
calculated in each time step to enable calculation of the evolution of the
unconfined groundwater surface as time proceeds. The discrete kernel approach
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for modeling the unconfined aquifer has been utilized. This approach is dis-
cussed in detail in the next section.
Discrete Ker,nel Approach for Model ing the Unconfined Aguifer: A major
advantage of this hydrologic model for describing the stream-aquifer inter·
action is the use of the discrete kernel approach for modeling the unconfined
aquifer. This method is both convenient and cost effective (Peters and Morel-
Seytoux, 1978, p. 26). The method uses a finite difference model employing
an Alternating Direction Implicit (ADI) scheme to generate the discrete ker-
nel coefficients (Morel-Seytoux and Daly, 1975, p. 255) that describe system
responses to unit excitations. Beca~sea linearized form of the Boussinesq
equation is used to describe the system, solutions can be superimposed in
both time and space. In addition, unit excitations can be multiplied by actual
excitations and then superimposed. The beauty of dealing with a linear sys~
tern using a discrete kernel approach is that the response to many different
patterns of excitations can be easily calculated by multiplying the unit ex-
citations by the actual excitation and summing all the excitations (Peters and
Morel-Seytoux, 1977, p. iv).
Once the discrete kernels are generated using the finite difference tech-
nique they are stored on a computer file and need not be calculated again.
The work necessary to multiply and superimpose unit solutions is nominal
compared with solving the finite difference equations and consequently the
cost of simulating many different management strategies can be reduced tre-
mendously (Peters and Morel-Seytoux, 1977, p. v.).
Moving Grid System: The cost of the generation of the discrete kernels
can be reduced enormously by using the concept of a moving grid system (Peters
and Morel-Seytoux, 1977, p. 27). Both the use and size of area of influence
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for a moving grid system is based on the nature of the aquifer transmissivity
in the study area. Outside the zone of influence the discrete kernel coeffi-
cients become too small to be of any practical significance. In the case of
the San Luis Valley a distance of 4 miles is selected as the maximum distance
or zone of influence at which the discrete kernel coefficients are large
enough to warrant inclusion in the calculation. The moving grid system pro-
duces the shapes of the river system grids in Figures 6 to 8. The final
selected moving grid system size was 9 miles (east-west) by 16 miles (north-
south). This was based on zone of influence and on the comparison of finite-
difference and analytic solutions.
As an example of the moving grid system, consider Figure 10 showing the
extent of the moving grid for the Rio Grande reaches 17, 18, and 19. The
entire Rio Grande grid system shown in the figure is a result of this moving
grid system concept. Reach 17 is assumed to be influenced by 76 nearby square
mile cells -- numbers 42 to 118 in the Rio Grande grid system. The 9 x 16
moving grid is used in the east, west, and southerly directions, however,
the northerly direction is restricted by the hydraulic boundary existing
between the study area and the Closed Basin. Other boundaries which may also
reduce the moving grid extent are the outer edge of the unconfined aquifer
shwon by the dotted line in Figure 10 and the San Luis Hills to the south
of the Conejos River. The moving grid for reach number 18 is exactly the
same as for 17, however, for reach number 19 the Rio Grande grid system
numbers influencing this reach are 52 to 127. The extent of the moving grid
system for river reach number 19 is shown in Figure 10 by the dashed line.
The discrete kernels (deltas) are generated for the particular river
reach or calculation cell within the observation area (the vicinity of the
... I L
\ I "1-1'..1-'.... ,, I I -i I I 1 I 178
~• ..p~o ~ 1j=tt:n~:bt~~=t+4~~tt~=-t-t]J=t±j=tt~~=~+~=~+t~~DEL --tI! ••• ~- 'N,ORi E T~i()'




\r'J·~ I I I I IIO~lIq1l81127
\ 1\ 1 -T ~17
._1 • I ~'l I I 118ng
IF ....' II Jll)HiE 'V.lSTA -n ..... l-.;r-+...t,. ."
1:-






;' \J-rr-r, I I I I"~f"ll 1"1 I r~ I I I f\
/r"
SAN LUIS HIU. li I I I I I I
,
7
I 1,' I I I I 1°',1 I !.J-'
.'l./nTll--l- r~ Ll
i/ I! Ii 1\
Ii y \
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Within the Rio Grande Grid System ..
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waterlogged area which is described in detail in an earlier section) and the
square mile cells within its associated moving grid system. These deltas
are stored on computer file and can be recalled to calculate in turn the
drawdown in the unconfined aquifer at all the river reaches and at the cal-
culation cells in the observation area. The moving grid concept has been
used to generate all the discrete kernel coefficients for the three river
systems (Rio Grande, Conejos River, San Luis Drain) and the observation area
which incorporates the waterlogged area.
An illustration of calculation of drawdown at reach 19 at the end of the
first time period follows. The drawdown in the unconfined aquifer in the
square mile cell of river reach cell 19 depends on excitations at cells
(influence cells) within the defined moving grid system for reach 19. The
drawdown is the sum of the product of the pumping excitations and the deltas
for each influence cell. Hence
where S19(1) = drawdown in aquifer at river reach cell 19 at end of period
1 (in general, Sw{n))
819 ,w(1) = discrete kernel of drawdown response at river reach cell 19
due to a unit excitation at grid number TI (in general,
o (n-v+l))
W,TI
Q (l) = volume pumped at grid cell w during time period 1.
TI
Lumped Effect of Areas Outside the Moving Grid: The effect of areas out-
side the moving grid system may have an influence on the drawdowns in the
observation area after a long period of time. To account for this the excita-
tions as a result of large areas outside the observation area grid, are lumped
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together and assumed to act at the centroid of area. An analytic solution
for drawdown at each of the 34 calculation cells in the observation area due
to lumped excitations is then computed and superimposed on to the drawdown
due to excitations with the observation area moving grid system. The three
lumped areas considered in the hydrologic model for the analytic solution
ca1culations are shown in Figure 11.
Modeling of the Initial Conditions: I~ order to utilize the discret~
kernel technique an initial steady state condition is required to exist in
the unconfined aquifer at the beginning of each simulation run. In the San
. Luis Valley the surface irrigation practices employed by the farmers have
changed very little with time. Due to the current low farm efficiency irri-
gation practices there is a large amount of recharge of the unconfined aquifer
in the irrigation areas. This recharge flows toward the rivers resulting in
return flow from the unconfined aquifer to the rivers. Consequently, to enable
the use of the discrete kernel approach for modeling the unconfined aquifer,
the aquifer flow from the irrigation areas to the rivers is assumed to be in
a condition of approximate steady state. The steady state is referred to as
the initial conditions.
To determine these initial conditions the computer simulation model is
run for a long period of time in an attempt to recreate the steady state flow
situation. At the commencement of this simulation run the unconfined aquifer
levels are assumed to be quite a distance below the ground surface. In the
river reach cells the unconfined aquifer is assumed to be at average river
state level. On moving perpendicularly away from the river the unconfined
aquifer is assumed to be approximately flat. The irrigation system is operated
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Figure II. Lumped Areas Outside the Observation Area
Used in the Analytic Solution
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place. No groundwater withdrawals are made from either the unconfined or
the confined aquifer.
The unconfined aquifer levels at each of the 34 calculation cells in
the observation area at the end of the 12 year steady state simulation run
are are used as the initial conditions for all the management strategy simula-
tion runs.
The important feature of these initial conditions is that they reflect
approximately the levels of the unconfined aquifer found in the San Luis
Valley today. Consequently the various management strategies indicate the
impact on the waterlogged area if various alternatives are used over the
next 12 years.
Irrigation Areas
Description: Irrigated cropland is a major component of the San Luis
Valley·s economy. Crops grown in the valley include barley, wheat, oats,
alfalfa, potatoes, vegetables, grass, and small grain hay. Cropland comprises
9.1 percent of the valley while irrigated pasture is another 4.2 percent making
irrigated lands account for only 13.3 percent (624,660 acres) of total land
(4,831,294 acres) of the basin, yet producing high-value grains, vegetables,
hay, and pastures.
Five major irrigation areas within the study area were selected on the
basis of the major sources of surface water supply. Three major canals convey
water from the Rio Grande to irrigation areas. These major canals are the
Empire Canal, Monte Vista Canal, and the San Luis and Rio Grande Canal. The
irrigation areas are appropriately named Empire, Monte Vista, and the San
Luis and Rio Grande. The other two irrigation areas are served by the Conejos
River and the La Jara Creek/Alamosa River system respectively. Again these
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irrigation areas are named the Conejos and La Jara/Alamosa. Each irrigation
area has downslope drainage areas where surface drainage runs overland from
the irrigation area and then deep percolates to the unconfined aquifer.
CLIMATICALLY CONTROLLED COMPONENTS
General
The physical components of the system have been described in the previous
section. The climatically controlled components which will be dealt with here
are also physical components, however, they are governed by the annual cycle
and consequently vary from year to year. The climatic conditions prevailing
in the San Luis Valley result in the need for irrigated agriculture. The
average rainfall is very low, resulting in a deficiency of moisture during the
crop growing season. In turn the demand for surface water from diversions of
streamflow is high.
A result of the high water table levels in the San Luis Valley is the
high evapotranspiration which is a true loss of water from the system. Each
of the climatically controlled variables introduced, i.e., rainfall, stream-
flow, evapotranspiration, and crop need, as well as the techniques used to
model these components will be discussed in the following sections.
The Standardized Year: An important decision related to the use of
cl imatic data in the hydro1ogic.model was whether to use a 12 year hi'storic
sequence or average values for all the various climatic variables. A stan-
dardized year is established by taking this approach. This approach allows
more conrol of the system because the annual cycle is repeated exa,ctly during
each of the 12 simulation years in the hydrologic model. However, the monthly
fluctuations in the water budget are still retained. Consequently the changes
due to the various management strategies s,houl d be more easily de tee tab1e.
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The averages of the climatic variables are based on a 30 year period (1935-
1964). The standard year also greatly facilitates data handling and storage
requirements in the computer model.
Upstream River Inflows
Description: Streamflow resulting mainly from the spring snowmelt run-
off is the source of surface water for irrigation in the San Luis Valley.
As mentioned previously, these sources of surface water for the study area are
the Rio Grande, the Conejos River, and the Alamosa River/La Jara Creek system.
Good streamflow records for a considerable time period are available for a
number of locations on each of these streams.
Modeling Technique: The Rio Grande is the major source of water supply
in the study area. The model ing technique used is as follows: Some of the up-
stream flow into the study area for the Rio Grande is made available for diver-
sion according to individual water rights during the irrigation season months.
A certain quantity is reserved for the Rio Grande Compact Agreement. In addi-
tion, this upstream flow quantity may also be added to or removed from by
return flow as it travels downstream toward the confluence of the Rio Grande
and the Conejos Rivers. The location of the Rio Grande upstream inflow into
the study area was selected very close to the Del Norte gage. Consequently,
these gaging records are used as upstream inflow data.
The 30 year monthly average (1935-64) to form the standardized year of
streamflows on the Rio Grande at Del Norte were calculated and are used as input
to the hydrologic model. In each month of the simulation run of the hydrolo-
gic model, the 30 year monthly average streamflow is assumed to be the inflow
to reach number 1. First, this inflow quantity is made available to satisfy
the Rio Grande Compact Agreement requirements and then water rights in order
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of priority (only during months~ of irrigation sea-son for crop need or f
or
replenishing the unconfined aquifer storage). Return flows occur in ea
ch of
the 57 Rio Grande reaches from the Del Norte gage- downstream to the con
fluence
of the Rio Grande and Conejos Rivers. The gaging station above Trinche
ra
Creek near Los Sauses on the Rio Grande also has streamflow records ava
ilable.
As this gaging station is near the confluence of the Rio Grande and Con
ejos
Rivers, the predicted monthly outflow from Reach 57 from the hydrologic
model
on the Rio Grande can be compared with the 30 year monthly averages for
the
Los Sauses gaging station. This comparison will give an indication of
the
calibration of the hydrologic model with the real physical situation.
The Conejos River irrigation diversions are not modeled in the same
detail as for the Rio Grande. A fixed percentage of upstream inflow is
re-
served to satisfy the Rio Grande Compact Agreement. The existing indiv
idual
Conejos River water rights are not used but rather the remaining percen
tage
of the Conejos upstream inflow in each month is assumed to be availabls
for
irrigation (during the growing season) or for replenishment of the unco
nfined
groundwater aquifer. Return flow is assumed to occur in each of the 17
Conejos
River reach cells.
The Conejos River upstream inflow to the study area is assumed to be co
m-
prised of water from the Conejos River and the San Antonio River (a trib
utary
of the Conejos River). The 30 year monthly average streamflows were ca
lculated
for the Mogote gaging station on the Conejb~ River (Rio Grande Compact
Agreement
index-station) and the Manassa gaging station on the San Antonio River.
The
Mogote gaging station is outside the study area, however, it is located
on
the southern edge of the entire Conejos irrigation district. There are
few
irrigation diversions above the Mogote gaging station on the Conejos Ri
ver.
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The major i'rrigation diversions along the Conejos River are downstream of
Mogote gaging station. The confluence of the San Antonio and Conejos Rivers
is inside the study area about half-way between the Mogote gaging station and
the confluence of the Rio Grande and Conejos Rivers.
The Alamosa River/La Jara Creek diversions are modeled similarly to
the Conejos River. Water rights are not modeled individually, instead, the
total upstream inflow from the Alamosa River and the La Jara Creek is assumed
to be available for irrigation. The upstream inflow for the Alamosa River is
gaged just downstream of the Terrace Reservoir while for the La Jara Creek
the gage is downstream of the La Jara Reservoir at Capulin. The 30 year
monthly average upstream inflows for the La Jara Creek (Capulin) and Alamosa
River (Terrace Reservoir) are used.
The San Luis Drain which includes the lower portion of the Alamosa Ri~er
~
removes irrigation return flows from the Alamosa River/La Jara irrigation re-
gion delivering them back to the Rio Grande. As mentioned previously this drain
is assumed to be hydraulically connected to the unconfined aquifer and conse-
quently return flows in the 22 San Luis Drain reach cells are calculated in
the hydrologic model. The upper reaches of the San Luis Drain do not have
any associated streamflows.
Rainfall and Crop Needs
Description: Rainfall for the study area averages about 7.5 inches per
annum. This is small and the growing season is short (90 to 120 days), however,
this rainfall does meet some of crop needs. Again the 30 year basic period
(1935-64) is used to compute the average monthly precipitation values. The
rainfall records at Manassa and Alamosa are used to calculate these averages.
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Crop needs vary according'to crop type and month during the irrigation
growing season (May through August). For the purposes of this study, the
composition of the crops in each of the major irrigation areas is assumed to
be equal amounts of alfalfa, hay, and barley. It should be noted that this
type of crop pattern did not need to be assumed for the smaller irrigation
areas. This results fr.om the different technique employed to model the smaller
irrigation areas compared to the On-Farm Allocation Method used to model the
major areas.
Modeling Technique: Assuming the above crop composition, crop needs are
calculated for the four growing season months (May to August) using Blank's
Method (Blank, 1975). Blank calculated crop consumptive use data for control-
led plots in Fort Collins. Blank's method is extrapolated to the San Luis
Valley with a number of climatic adjustments.
Evapotranspiration
Description: The final climatically controlled variable to be considered
is evapotranspiration. When the unconfined groundwater aquifer surface is
wi thi n 12 feet (Emery, et a1., 1979, and Fi gure 24 in Chapter IV) of the
ground surface it is assumed evaporation will take place directly from the
aquifer. Evaporation is calculated as a function of water table depth below
the ground surface. This is based on the graph of annual evapotranspiration
versus depth to unconfined aquifer water table below the land surface pre-
sented in the Hydrologic Investigations Atlas HA-38l by Emery, et al., (1971).
The amount of evaporation depends on the month, being low in winter
and higher during the growing season for the same location of unconfined
aquifer relative to ground surface. Pan evaporation rates for Alamosa (U.S.
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Weather Bureau) were used to determine the 30 year averages. However, only
26 years of record (1939-64) were available rather than 30 years. Data are
only available for Alamosa during the summer months; however, this is not a
major problem as the majority of evaporation results in the four crop growing
season months.
Modeling Technigue: In the computer model the evaporation for a month
is based on the location of the water table with respect to the ground sur-
face at the end of the previous month. Due to the-aquifer level falling as
a result of the evaporation (especially when the unconfined aquifer is below
the ground surface where the decline will be approximately 5 times the depth
of evaporation due to the porosity of 0.2) the actual evaporation rate would
decline as the month progressed. Consequently, the monthly evaporation is in
general overestimated if only the level of the aquifer with respect to the land
surface at the end of the previous month and the graph of Emery, et al., (1971)
is considered. In order to correct for this effect the evaporation depth is
multiplied by a fraction (Fl.O) to more adequately reflect the actual evapora-
tion from the unconfined aquifer. Selection of this fraction is also used in
the calibration of the computer model. The calibrated value of the fraction
is 0.7 when the aquifer is more than 6 inches above the ground surface, 0.5
when the aquifer is between zero and 6 inches above the ground surface and 0.2
when the aquifer is below the ground surface. It should be noted the evapora-
tion rate would not always decrease as the month progressed if there was a
large recharge of the unconfined aquifer during the month.
The evapotranspiration is most important in the region of the waterlogged
area where the unconfined aquifer is close to the ground surface. Consequently
it was decided to calculate the evaporation from the cells in the observation
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area only. The locations of cells at which the average elevation of the un-
confined aquifer is calculated also determines where the evapotranspiration can
be calculated.
To calculate the evapotranspiration in each cell the average water table
elevation with respect to the ground is required. However, as noted previously,
only 34 calculation cells are considered in the observation area. Consequently
it is necessary to interpolate between these 34 points to estimate theevapo-
transpiration at all of the 245 square mile grid cells contained within the
observation area. During irrigation season months when irrigation area grid
cells have a consumptive use of water due to transpiration by plants the eva-
poration from the unconfined groundwater aquifer is not calculated.
LEGAL CONSTRAINTS
General
The two major factors which constitute the legal constraints for this
study are the Rio Grande Compact Agreement and the doctrine of prior appro-
priation which dictates water rights in Colorado. The Rio Grande Compact
Agreement resulted from the common need of Colorado, New Mexico, Texas, and
the Republic of Nexico for water from the Rio Grande. The International
Boundary Committee has jurisdiction over the Rio Grande Compact. Within
Colorado the doctrine of prior appropriation provides that a person who first
diverts and applies to a beneficial use the waters of a stream has a prior
right thereto in relation to subsequent appropriators to the extent of his
appropriation (Morel-Seytoux, et a1., 1973, p. 59). Both of these aspects
are discussed in more detail in the following sections.
51
L~ater Ri ghts
The water rights associated with the Rio Grande can be subdivided into
three categories. These include water rights for the three major irrigation
areas (Monte Vista, Empire, and the San Luis and Rio Grande), for the 10 small-
er irrigation areas, and for the Closed Basin. The water rights for the Closed
Basin are assumed to be diverted to outside of the study area and are consid-
ered to no longer have any effect on the study area. Generally the quantity
diverted to the Closed Basin is greater than the combined quantity diverted
southward to the major irrigation areas and the smaller irrigation areas.
Allocation of Water for Surface Water Irrigation from the Rio Grande and
the Conejos River: The quantity of surface water to be made available for
diversion during the irrigation season (April to October) from the Rio Grande
and the Conejos Rivers is determined by the District Engineer. He represents
the State of Colorado and at present is Mr. McFadden at Alamosa in the San
Luis Valley. The objectives of the District Engineer include ensuring the
annual streamflow delivery requirements of the Rio Grande Compact Agreement
are achieved and the proper administration of the water right priority system.
To determine the quantity of water to be made available for surface water
diversion the following procedure is used by the District Engineer. In late
March, prior to the beginning of the irrigation season, Mr. McFadden estimates
the quantity of expected inflow for this calendar year (January to December)
at the Del Norte index station on the Rio Grande. He also estimates the ex-
pected inflow for the Conejos system which involves the Mogote index station
on the Conejos River and the index stations on the Los Pinos River and San
Antonio River which both flow into the Conejos River. These expected inflow
estimates are based on snow pack information, soil moisture conditions, stream
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flows in the past calendar year and the experience of the District Engineer.
Modeling of Water Rights: Individual surface water rights ar,e modeled
for the Rio Grande. The monthly quantities (acre feet/month) necessary to
satisfy the water rights have been calculated from the flow rates (cfs) ob-
tained from the State Engineer's Office.
The detailed procedure used in the hydrologic model for determining the
total quantity to be made available for water right diversion from the Rio
Grande·is given in Simpson, et al., (1980). Each of the water rights is
satisfied in priority sequence until this quantity (QMAFD) has been fully
distributed. Lower priority surface water rights are not satisfied.
As explained previously, individual water rights are not modeled on the
Conejos River system. A percentage curtailment for the Conejos River system
inflow to meet the Rio Grande Compact Agreement is also calculated similarly
to the steps outlined above for the Rio Grande. A certain quantity of water
is then made available for diversion and is applied uniformly as irrigation
surface water to the Conejos irrigation district. A similar procedure is
followed to model the La Jara Creek/Alamosa River system.
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Modeling Technigues: The requirements of the Rio Grande Compact Agree-
ment are based on the annual flow past the Del Norte index station on the Rio
Grande and the Mogote index station (including San Antonio streamflow) on the
Conejos River. As the 30 year average annual flows at the index stations are
used as input to the model during each of the 12 years of simulation, the annual
quantity which is supposed to be reserved for the Rio Grande Compact Agreement
can be determined. The technique used by the District Engineer in the San
Luis Valley to ensure water is reserved to go to meet the Rio Grande Compact
Agreement is detailed in the section above on Water Rights.
INTERACTIONS BETWEEN COMPONENTS
General
To model the complex system in the San Luis Valley the behavior of various
components has been studied and understood. Previous sections have presented
these components and the approach adopted to model them in the hydrologic
simulation model.
The next step is to consider the way in which these components interact.
The components can be of the same type (i.e., both physical, like a stream
and an aquifer) or of a different type like legal constraints and the aquifer
(Morel-Seytoux, 1979, p. 12). Of the many interactions which exist the ones
that will be described include the stream-aquifer interaction, stream-legal
interaction, and the interaction between irrigation areas and the unconfined
aquifer. '
Stream-Aquifer Interaction (Return Flows)
Description: The three water courses which are considered to be hydrau-
lically connected to the unconfined aquifer include the Rio Grande, the Conejos
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River, and the San Luis Drain. Return flow occurs in each of the river
reaches and as mentioned previously, depends on the relative levels of the
water in the river reach and the level in the unconfined aquifer in the region
of the river. The return flow is directly proportional to this elevation
difference.
The coefficient of proportionality relating the return flow and the ele-
vation difference between the level in the unconfined aquifer surrounding the
river and the water level in the river depends on the aquifer characteristics
and the shape of the stream cross-section (Morel-Seytoux, 1964; Bouwer, 1969).
This constant of proportionality is the "reach transmissivity" (Morel-Seytoux,
et al., 1979, p. 1). The definition of reach transmissivity in terms of
aquifer properties and streambed characteristics will be presented in ChapteF'
I I 1.
Unlike pumping from the unconfined aquifer, which is a decision variable,
the discharge from the river to the aquifer or vice versa (return flow) is
a state variable. In other words, the return flow is not susceptible to man's
control (Morel-Seytoux and Daly, 1975, p. 254). However, decisions concerning
irrigation recharge and pumping from the unconfined aquifer do have an effect
on the return flow even though it cannot be controlled directly. In areas of
low precipitation this baseflow depends to a great degree on how the system is
managed and does not depend solely on storage characteristics (Morel-Seytoux,
et a1., 1979).
Modeling Technique: In order to determine the return flows during one
time period at all 95 reaches, the solution involves solving for 95 unknowns
simultaneously. As an approximation to simplify the hydrologic model without
sacrificing accuracy, each river reach return flow is solved for individually.
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The return flows at other reaches for the previous time period are used as
estimates of return flow for this time period. The return flow for a partic-
ular reach is then calculated based on streamflow and diversion. information for
this month as well as excitations for pumping, canal losses, and irrigation
recharge during this time period. However, return flows in upstream and down-
stream reaches for the previous time period are used as an approximation.
Stream-Legal Interaction
This interaction involves the effect of legal constraints (which include
the water rights and the Rio Grande Compact Agreement) on the quantity of water
in the stream. This interaction has already been presented in detail in the
section on Legal Constraints but it is important to recognize this as an inter-
action.
Irrigation Areas-Unconfined Aquifer Interaction
This is the final interaction which is discussed. There ·are numerous
other interactions between various components.
Water distribution methods which are practiced by the farmer will deter-
mine the recharge of the unconfined aquifer in the region of the irrigation
areas where the water was applied. These methods will also influence recharge
of downgradient areas by surface runoff from the irrigation areas. This in-
teraction has been one of the major factors contributing to the waterlogging
problems in the San Luis Valley.
CHAPTER III
THE COMPUTER SIMULATION MODEL OF THE HYDROLOGIC SYSTEM
DATA REQUIREMENTS
Data requirements for the hydrologic model can be subdivided into four
major categories:
(i) Natural physical components. These include the rivers and aquifers.
(ii) Man-made physical components. Irrigation areas and canals are ex-
amples of these.
(iii) Climatically controlled components such as streamflow and evapora-
tion.
(iv) Legal constraints which include the water rights and the Rio Grande
Compact.
Simpson, et al., (1980, Chapter III) describes and presents the data which are
assembled and utilized in the hydrologic model to simulate the study area in
the San Luis Valley. Some of the sources of data for this study include:
USGS (1960, 1961, 1962, 1963, 1964) Records of Surface Water of
the United States
NASA Infrared Photographs (Department of Natural Resources, Colorado
State University)
7 ~ Minute Series Topographic Maps (U.S. Geological Survey)
Unconfined Aquifer Transmissivity Map (U.S. Geological Survey)
Colorado Water Resources Circular 18, Plate 3 (Emery, et al., 1973)
Colorado Water Resources Basic Data Release No. 22 (Emery, et al.,
1972)
Rainfall and Evaporation Data (U.S. Department of Commerce, National
Oceanic and Atmospheric Administration, National Weather Service)
State Engineer's Office, Denver
Measurements taken on site
The remainder of the chapter describes the sequence of computations which
take place in the computer simulation model of the hydrologic system for the
study area in the San Luis Valley. The individual components and interactions
incorporated in the hydrologic model are discussed in detail in Chapter II.
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In the following sections the actual workings and $.ubrontines of the computer
model are described.
The hydrologic computer model can be divided into the following sections
(in sequence of calculation):
( i )
(i i )









Title page - printout
Surface water availability to the study area
Distribution of irrigation water to the farms.
Calculation of river grid system excitations
Return flows
Calculation of observation area grid system excitations
Excitations for the analytic solution calculation
Unconfined aquifer drawdowns at the 34 calculation cells in
the observation area
Summary of results - printout
Sections (i) and (ii) are only carried out once, at the beginning of the
simulation run. However, sections (iii) to (xl are carried out during every




The areas within the computer program where the input data is read in-
clude the main program SANLUIS and Subroutine READ.
A distinction is made between two forms of input data used in the computer
model of the hydrologic system. The first form of input data is read from
computer cards at the beginning of the program prior to commencement of the
simulation run. This input data is stored in variables and arrays within the
program and is passed between subroutines using COMMON. The other form of
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input data involves the discrete kernels of drawdown. These are stored on
permanent files and are read from the file for use in calculations in each
month of simulation. These permanent files are rewound after the calculations
for each month are completed.
Data Read at the Beginning of the Simulation Run
The length of the simulation run in months (NMON) and the management
strategy alternative (denoted by a flag (MSTRAT)) are set in SANLUIS. The
input data is read from a computer storage file called SANDAT in subroutine
READ. A complete description of input data, Fortran variables, and card for-
mat is available in a User1s Manual for the SANLUIS computer program.
Discrete Kernels Read from Permanent File,
The total number of discrete kernel coefficients (deltas) for the three
river grid systems and the observation area grid system is so large it is not
possible to store them all in arrays within the program. Instead these deltas
are stored on permanent file. When the deltas are required for unconfined
aquifer drawdown calculation in a particular month they are read from the
penmanent file. When all computations for a particular month are complete,
the permanent files are rewound in preparation for use in the next month.
The permanent files storing the deltas are as follows:
(i) RFILE1, Rio Grande grid system deltas
(ii) CFILE, Conejos River grid system deltas
(iii) SFILE, San Luis Drain grid system deltas
(iv) WFILE, Observation area grid system deltas
TITLE PAGE PRINTOUT
Subroutine PRIFACE prints the face sheet and includes all important input
data information used in the hydrologic model.
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An example of the title page is shown in Figure 12. The information
printed out includes input data variables which may be altered for the
different management strategies. Data which remains constant no matter which
strategy is being investigated is not printed out.
SURFACE WATER AVAILABILITY
Subroutine AVAILAB calculates the surface water availablity from the Rio
Grande to the major irrigation areas (5), the smaller irrigation areas (10),
and the Closed Basin irrigation areas. The surface water availability is
also calculated for the Conejos River and Alamosa River/La Jara Creek irriga-
tion systems. Subroutine AVAILAB is only used in months during which surface
water diversions are made from the rivers. That is, in growing season months
or months prior to or just following the irrigation season when surface water
is used to replenish the groundwater unconfined aquifer storage.
The surface water to be made available for diversion to satisfy irriga-
tion requirements is calculated in this routine. The percentage curtailment
of the Rio Grande and Conejos River system inflow is determined so as to meet
the requirements of the Rio Grande Compact Agreement. The details of the
curtailment calculation are given in the section on Legal Constraints in
Chapter II. As a result a certain quantity of water is made available for
diversion from both the Rio Grande and the Conejos River. The quantity of
water available from the Rio Grande is distributed according to water right
priorities. If the aquifer level is within 6 inches below the ground surface
orabove the ground surface in a major irrigation area in a growing season month,
then sub-irrigation is used. The monthly surface water diversion to the major
irrigation area is reduced to 60 percent. This percentage was determined by
calibration. A percentage of 100 percent was used initially, however, the
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aquifer level was found to rise to between 1 and 2 feet above the ground sur-
face. The total amount of water received by each of the five major irrigation
areas and 10 smaller irrigation areas is then calculated.
DISTRIBUTION OF IRRIGATION WATER TO THE FARMS
Subroutine IRRGATE calculates the distribution of surface water diversions,
confined and unconfined aquifer water withdrawals for each of the five major
irrigation areas. Again, as for Subroutine AVAILAB, this subroutine is only
used in months during which surface water diversions are taken from the rivers.
In other months Subroutine NONIRR is used.
The On-Farm Water Allocation Method is utilized in Subroutine IRRGATE.
Some of the smaller irrigation areas overlap the major irrigation areas. Con-
sequently, the water available to these smaller areas is added to the appropriate
diversions to the major irrigation areas. The total surface water quantities
available to the three Rio Grande supplied irrigation areas are then adjusted
to account for transmission losses in the unlined canals. A certain quantity
of water is then available to the farms in each of the five major irrigation
areas and is adjusted by a fraction to account for a proportion of water which
will not be within reach of the plant root zone. This is referred to as the
irrigation efficiency, Esf . A set quantity of confined groundwater is also
available to each of the five major irrigation areas.
The total crop need for the month is determined (if the month is in the
growing season) and compared with the total surface and groundwater available
to the plant. If there is a deficiency, water from the unconfined groundwater
aquifer is pumped. The upper limit for pumping is the maximum capacity of the
pumps. If the aquifer level is within 6 inches of the ground surface sub-
irrigation is used. The crop consumptive use is assumed to be met in the
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following way. Unconfined aquifer water in the soil profile provides 50
percent while surface water and confined aquifer deliveries provide 50 per-
cent. The plant efficiency is then calculated.
The irrigation water applied to the farms in excess of crop need either
ends up as deep percolation to the unconfined aquifer or surface drainage
to downgradient areas where it then deep percolates. Subroutine IRRGATE
keeps track of the water and ensures mass balance is maintained in each of
the five major irrigation areas.
In months when no surface water diversions are made from the rivers,
Subroutine NONIRR is used in place of Subroutine AVAILAB and Subroutine
IRRGATE. Even in months of no surface water diversions, confined ground-
water wells are still assumed to deliver water to the farms. The purpose
of Subroutine NONIRR is to distribute the confined groundwater deliveries
in non-growing season months.
RIVER GRID SYSTEM EXCITATIONS
The excitations are calculated at each of the 460 unique square mile
grid cells for the Rio Grande, Conejos River, and the San Luis Drain grid
systems in Subroutine SPACE. These excitations are used to calculate the
average aquifer drawdowns at each of the 95 river reach cells in Subroutine
HYDRO.
The various types of individual excitations which can contribute to
the overall square mile grid cell excitation include:
(i) deep percolation to the unconfined aquifer in the five major
irrigation area grid cells (On-Farm Water Allocation Method)
(ii) deep percolation of irrigation water which runs off from the
major irrigation areas and deep percolates to the unconfined
aquifer in the downgradient drainage areas
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(iii) deep percolation to the unconfined aquifer in the 10 smaller
irrigation areas (70 percent of the water reaching the farm
headgate)
(iv) canal losses from the three major canals within the study area
(Monte Vista, Empire, San Luis and Rio Grande)
(v) evapotranspiration at each of the grid cells in the region of
the waterlogged area. The evapQrationis based on interpolation
between unconfined aquifer levels for last month at the 34 cal-
culation cells in the observation area
(vi) return flow excitations at each of the 95 river reach cells.
On completion of calculation of the monthly excitations at each of the
460 unique grid cells within the three river grid systems, the excitations
at the remaining 169 overlapping cells of the total 629 river grid system
cells are assigned. Excitations have now been determined at all the grid
cells in the three river grid systems.
RETURN FLOWS
The return flows for each of the 95 river reaches are calculated in
Subroutine HYDRO.
Firstly, the excitations calculated in Subroutine SPACE are used to
determine the unconfined aquifer average drawdowns' in each of the 95 river
reach grid cells by the discrete kernel technique. All the past monthly ex-
citations are also used in the discrete kernel calculations. Secondly, the
stage-discharge relationships are used to determine the average river stage
in each of the 95 river reaches, in Subroutine STAGE .
./
To determine the values of the return flows in each of the river reaches
a set of simultaneous equations would need to be solved. To simplify the
computations in this hydrologic model it is assumed for the calculation of
return flow at one particular river reach, that the return flows at all other
river reaches are the same as last month's return flows. This approximation
should produce only very minor errors. Each of the return flows in the 95
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river reaches is solved for individually in turn in Subroutine HYDRO.
Once the return flows are known, the final quantity of water ;n each
reach is found by applying mass balance beginning at the furthest upstream
reaches on the Rio Grande, the Conejos River, and the San Luis Drain and pro-
ceeding downstream adjusting for return flows and diversions in each reach.
OBSERVATION AREA EXCITATIONS
The excitations for calculation of the average unconfined aquifer draw-
downs at each of the 34 calculation cells in the observation area are determined
in Subroutine NRESEC.
Many of the observation area grid cells overlap with the Rio Grande and
San Luis Drain grid system. The 206 overlapping grid cell excitations are
assigned the same values as calculated in Subroutine SPACE. For the remaining
39 unique square mile grid cells in the observation area of the total 245 grid
cells, the excitations are calculated in Subroutine NRESEC taking into account
the various types of excitations discussed in the previous section in River
Grid System Excitations.
ANALYTIC SOLUTION EXCITATIONS
The lumped excitations for the three major areas of influence outside
the observation area are calculated in Subroutine NRESEC. These excitations
are used to calculate analytically the effect on the drawdown at each of the
34 calculation cells in the observation area due to these three lumped areas.
WATERLOGGED AREA DRAWDOWNS
The average unconfined aquifer drawdowns at each of the 34 calculation
cells in the observation area are calculated in Subroutine DRAWD. Again, the
discrete kernel approach is used to calculate aquifer drawdown similar to the
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average unconfined aquifer drawdown calculation at each of the 95 river reaches.
The drawdown effect at each of the 34 calculation cells resulting from the three
lumped areas is also evaluated using the analytic solution in Subroutine ANALYT.
Subroutine EXI is for the calculation of the exponential integral and is utiliz-
edin Subroutine ANALYT. The analytic drawdowns are superimposed on the dis-
crete kernel drawdowns to give total drawdowns of the unconfined aquifer at
each of the 34 calculation cells (square mile grid cells) within the observa-
tion area.
RESULTS SUMMARY
When.all the computations for a particular month have been completed a
monthly summary is printed out. An annual summary is also prepared and
printed out at the end of each water year (ends September).
Figures 13 to 15 show the typical output summary for a month. FirstlYt
the month number in the simulation run and the month within the water year
is printed out. Whether the month is a growing season month (May through
August) or not is also noted. The remaining output can be subdivided into
four sections. These include the river summarYt the river reach summarYt
the calculation cell drawdown summary, and the irrigation water use summary.
These are discussed below.
River Summary
For both the Rio Grande and Conejos Rivers the following are output:
upstream inflows
- total diversions
Rio Grande Compact Agreement quantities reserved
- total return flow
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Figure 15. Hydrologic Computer Model Results Summary (Part 3).
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- downstream outflows (predicted)
- historic downstream outflows for comparison with predicted outflows.
While for the Alamosa River/La Jara Creek system the following are output:
- upstream inflows
- total diversions to irrigation areas
- total return flow for the San Luis Drain.
River Reach Summary
For each of the three major systems hydraulically connected to the
aquifer (Rio Grande, Conejos River, San Luis Drain) the follo~ing are output
in the summary:
(i) River reach number
(ii) Average stage in the river reach
(iii) Average elevation of the river surface with respect to the low
datum
(iv) Average unconfined aquifer elevation in the river reach grid
cell with respect to the low datum
(v) Difference in level between (iii) and (iv)
(vi) Change in the difference of level (v) from last month
(vii) The reach transmissivity
(viii) The calculated return flow
(ix) The water leaving the reach (which becomes the inflow for the
reach immediately downstream)
(xl The surface water irrigation diversion from the reach (for the
Rio Grande only).
Waterlogged Area Summary
For each of the 34 calculation cells in the observation area the following
information is included in the output summary:
(i) Calculation cell identification number
(ii) Average unconfined aquifer elevation in the square mile grid cell
for the calculation cell
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(iii) The average land surface elevation in the square mile grid cell
for the calculation cell
(iv) The average distance the unconfined groundwater aquifer lies
above or below the land surface in the square mile grid cell
of the calculation cell
(v) The change of the average distance above or below the ground
surface (iv) from last month
(vi) The drawdown at the calculation cell resulting from the effect
of the three lumped areas outside the observation area calculated
using an analytic solution
(vii) The ~verage depth of evaporation from the square mile calculation
point grid cell.
Irrigation Water Use
On-Farm Water Allocation: For each of the five major irrigation areas a
summary of irrigation water use is output in the irrigation season months.
The following items are included in the output for each of the five major
irrigation areas:
(i) Area under irrigation (square miles) and area of downgradient
runoff
(ii) Total volume of surface water (acre feet) made available for
diversion from the river to the farms via the canals
(iii) The volume of surface water (acre feet) arriving at farm head-
gate depleted by canal losses
(iv) The total volume of water (acre feet) available to the farm
((iii) + overlapping smaller irrigation areas surface water
diversions)
(v) The total volume of surface water (acre feet) available to the
plants -- some of the water available to the farm will be out
of reach of the plant root zones
(vi) Total volume of confined groundwater (acre feet) available
to the farms and consequently to the plants -- again some water
is out of reach of the root zone
(vi i) Total vol ume of surface water (acre feet) and confined ground-
water available to the plants
(viii) Total volume of water supplement (acre feet) required by the
plants for optimal plant growth (crop need)









Total volume of unconfined aquifer water (acre feet) pumped
to meet any water deficit due to the surface water diversions
and the confined groundwater deliveries (vii) not meeting the
crop need
Plant efficiency expressed as a decimal fraction
Volume of consumptive use (acre feet) by the plants
Total volume (acre feet) of water deficit. The water deficit
is the difference between the volume of irrigation water re-
quired for optimal plant growth and the amount of water actually
supplied to the crops
Total volume of irrigation water (acre feet) recharging the
unconfined aquifer beneath the irrigation areas.
Total volume of irrigation water (acre feet) which runs off
overland to downgradient drainage areas and then deep perco-
lates to the unconfined aquifer.
The surface water rights satisfied in the particular month and the
proportion of surface water rights satisfied (out of 228) are also printed out.
Northside Pumping: The depth of water (feet) assumed to be removed or
recharging the square mile grid cells of the Northside Pumping Area is also
output in the monthly summary.
Rio Grande Surface Water Diversions: The total surface water diversions
(all expressed as volumes in acre feet) from the Rio Grande are subdivided .
into:
(i) diversions to the major irrigation areas (3) -- Empire, Monte
Vista, San Luis and Rio Grande
(ii) diversions to the 10 smaller irrigation areas
(iii) diversions to the Closed Basin.
These are included in the output summary.
Smaller Irrigation Areas Water Use: For each of the 10 smaller irriga-
tion areas the following items are output:
(i) the number of the irrigation area
(ii) land area (square miles) included in the irrigation area
(iii) depth of surface irrigation water applied (feet)
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(iv) total volume (acre feet) of surface irrigation water made avail-
for diversion to the irrigation area from the Rto Grande River.
Annual Summary
This section of the printout which is carried out at the end of each
Septefuber includes the following sections (all water quantities are expressed
as volumes in acre feet):
(i) ~ater resources available over the past year (surface water,
confined groundwater, unconfined groundwater)
(ii) Overall Annual Utilization of Water Resources -- surface water
diversions, river return flows, Rio Grande Compact Agreement,
water requirements for optimal growth, water consumption by the
crops, water deficit, total unconfined aquifer recharge, and
the total evaporation loss.
(iii) Annual Utilization of Rio Grande Water Resources -- inflow,
quantity reserved for Rio Grande Compact Agreement, quantity
required to meet Compact, predicted outflow, historic outflow,
return flow, surface water diversions from the river, diversions
allocated but not satisfied, breakdown of surface water diver-
sions to major irrigation areas, smaller irrigation areas, and
the Closed Basin
(iv) Utilization of Conejos River Water Resources -- items printed
out are similar to (iii)
(v) Utilization of Alamosa River/La Jara Creek Water Resources --
inflow, streamflow diverted for surface water irrigation, the
return flow for the San Luis Drain,and the outflow from ·the




The description of the management strategies is presented in this chapter
while the results of the simulation runs of the various strategies are compared
in Chapter V. For management strategies no. 1 and 2, the effect on the study
area due to the development nf the well fields to a'leviatewaterloggingis
assessed.
The management strategies investigated in this study are as follows:
(i) Historic strategy
(ii) Management strategy no. 1 - La Jar~ Creek well field development
(iii) Management strategy no. 2 - Rock Creek well field development
THE HISTORIC STRATEGY
This strategy reflects the way in which irrigation practices are carried
out in the study area in the San Luis Valley at the present time. Results
from the run of the computer simulation model using the historic management
strategy enable a check to be made of the calibration of the model.
The historic strategy has been described in detail in preceding chapters.
The important feature of the strategy is the downgradient drainage, both under-
ground and overland, from the irrigation areas (especially Empire and Alamosa/
La Jara irrigation areas) which contribute to the waterlogging of downslope
areas. Excessive application of surface water and uncontrolled flow from
the confined aquifer wells are causes of the waterlogging problem.
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MANAGEMENT STRATEGY NO. 1 LA JARA CREEK WELL FIELD DEVELOPMENT
Description of Strategy
Location: This strategy involves a well field in the region of the La
Jara Creek/Alamosa River and Rio Grande confluence. Sixteen square miles of
land are included in the well field. Figure 16 shows the location of the well
field. The center pivot pumps in the well field are used to lower the water
table of this waterlogged area. Water for leaching and irrigation require-
ments is also provided by these pumps after dewatering of the aquifer is
completed.
Soil Types: According to soil studies carried out by Franklin (1978,
p. 2), three groups of soils are found in the waterlogged area in the San
Luis Valley. The subdivision is based on salinity, exchangeable sodium, and
water table depth. The following discussion is based on the information pre-
sented in Franklin's 1978 report. The three soil groups are wetnieadow soils,
salt meadow soils, and salt flat soils.
The wet meadow soils are non-saline to slightly salinized but no gypsum
or leaching is necessary before cropping. These soilS consistQf level to
nearly level, low flood plains along the Rio Grande, Alamosa River, La Jara
Creek, and Rock Creek that are flooded periodically during spring runoff.
These soils produce native hay, as well as furnishing pasture for livestock.
Salt meadow soils are salinized and waterlogged soils requiring drainage
and leaching water applications before cropping. These soils are at slightly
higher elevation than wet meadow soils and are subject to occasional flooding
only when runoff is much higher than normal. Crop cultivation is limited by
both salinity and high water table.
.......
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Figure 16 The La Jera Creek Well Field Development - Management
Strategy No. I
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Salt flat soils are saline and sodic requiring drainage, gypsum, and
leaching water for reclamation before establishing crops. These soils occupy
gently sloping low terrace positions somewhat higher than the other two soil
types. These soils are seldom flooded. Vegetation has a limited grazing
value for livestock. The salt flat soils are subject to a fluctuating water
table. The La Jara Creek well field contains a mixture of wet meadow soils
and salt meadow soils.
Lowering the Water Table: The well field consists of center pivot sprin-
klers located 4 per square mile to irrigate 135 acres each. The capacity of
the 4 wells in a square mile needs to be 608 acre feet/month each to meet
the optimal growth water requirement in the highest water deficit month (June).
However, for purposes of lowering the water table the 4 pumps are assumed to
deliver 500 acre feet/month in the computer model. Franklin (see Appendix)
suggests the water table be lowered to 8 to 10 feet below the ground surface.
To lower the water table, water is pumped into drainage ditches spaced one
mile apart.
Within the computer model four drains were assumed to drain water from
the fields to the streams when dewatering pumping is carried out. These
drains are indicated on Figure 16. Drain 1 incorporates the Alamosa River
and serves cells running east-west from calculation cell 8 to calculation
cell 30 into the Rio Grande. Drain 2 begins in cell 11 and extends to the
La Jara Creek. Both these drains carry pumped unconfined aquifer water and
Empire downslope drainage water. Drain 3 includes the La Jara Creek (San
Luis Drain) running from the cell above calculation cell 18 to the cell
pbove calculation cell 29. Finally drain 4 runs from calculation cell 22
through calculation cell 29 into the Rio Grande.
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Leaching: The wet meadow areas within the La Jara Creek well field
,require no leaching, however, the salt meadow soils require about two acre
feet/acre of leaching water to reduce salt to an acceptable level before
planting a crop. The La Jara Creek well field appears to be approximately
half wet meadow and half salt meadow. Consequently a leaching volume of
10,240 acre feet is required to be pumped. The leaching has no direct bear-
ing on the computer model as the water pumped percolates back to the aquifer.
Consequently, there is no net effect on the aquifer level.
Flood Control: Franklin (see Appendix) suggests construction of dikes
or levees along the Alamosa River and La Jara Creek. To develop the La Jara
Creek well field it is assumed these flood control structures are built.
Aqui fer Recharge: Due to the consumptive use of the crops in the La '
Jara Creek well field, after full development it is necessary to recharge
the aquifer. To accomplish this recharge is it possible to use the drains
which are constructed to carry the excess water away from the well field
when the aquifer is lowered. These drains can be checked in order to re-
charge the aquifer with downslope drainage water from the Empire and Alamosa/
La Jara irrigation areas.
Timing of the Strategy: In the computer model it is assumed the drains,
flood control works, and pumps are installed to be ready to operate from
October of the first year onwards. Pumping in November and December is used
to lower the water table. Leaching and clearing is carried out in the irri-
gation season of the first year (April to October). It is then assumed crops
are planted and grown in each year from the second year onwards (month 20,
May onwards). If the average water level in the well field (excluding the
San Luis Drain river reach cells) is less than six feet below the ground
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surface the pumping field is activated in the computer model in March to de-
water the aquifer and consequently lower the water table. The crop composition
in the La Jara Creek well field is assumed to be exactly the same as for the
five major irrigation areas.
MANAGEMENT STRATEGY NO. 2 - ROCK CREEK WELL FIELD DEVELOPMENT
Description of the Strategy
Location: This strategy involves a well field as in management strategy
no. 1. The well field is in the vicinity of Rock Creek and is north of the
La Jara Creek well field. Ten square miles are included in this well field
as shown in Figure 17. The center pivot pump arrangement is the same for the
Rock Creek well field as for management strategy no. 1. This area contains
some salt flat soils which require gypsum treatment prior to leaching. The
cost of the process is more than for the preparation of-the land in the first
management strategy, however,less flood control works are necessary for this
strategy.
Lowering the Water Table: Drainage ditches are constructed to drain
the pumped unconfined water to the streams. After the water table is lowered
and crop production commences, these drains are then used to recharge the un-
confined aquifer with downslope drainage water from the Empire 'irrigation area.
In the computer model three drains are assumed to run through the Rock Creek
field and into the Rio Grande. Drain 1 runs from calculation cell 13 through
calculation cell 20 to the Rio Grande (see Figure l7). Drain 2 runs from cal-
culation cell 9 through cells 16 and 24 to the Rio Grande. Finally, drain
3 runs from calculation cell 12 through cells 19 and 27 to the Rio Grande.
Leaching: Salt meadow and salt flat soils are included within the Rock
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meadow soils because water is required to dissolve native soil gypsum or
commercial gypsum. In general 4 to 5 acre feet/acre of water is required
to reduce exchangeable sodium to less than 10 percent in the 0 to 1 foot
depth before a crop is planted (Franklin, 1978, p. 9). Assuming approxi-
mately one-half of Rook Creek well field is salt meadow soil and one-half
is salt flat soil then 22,400 acre feet of leaching water is required.
Timing of the Strategy: The timing of the strategy is exactly the
same as the timing used in management strategy no. 1. Drains and pumps
are installed and operate by the first month of simulation. Pumping in
November and December in the Rock Creek well field lowers the water table
and the leaching of salts is carried out during the first irrigation season
(April-October). Crops are planted from the second irrigation season on-
wards beginning in May (month 20). Pumping to lower the water table is
carried out in March if the average aquifer depth is less than six feet
below the surface in the well field. Again the crop composition is assumed
to be the same as that of the five major irrigation areas.
CHAPTER V
ANALYSIS OF THE MANAGEMENT STRATEGIES
MODEL CALIBRATION
Monthly Streamflows
Figure 18 shows the Rio Grande monthly streamflows for the 12 year time
horizon. The inflow to the study area (Rio Grande at Del Norte)-together
with the predicted and historic outflows from the study area (Rio Grande
above Trinchera Creek) are shown for the historic management strategy. The
predicted and historic monthly outflows compare reasonably well.
Figure 19 shows the Conejos River monthly streamflows. The inflow to
the study area includes Conejos at Mogote plus San Antonio River inflow to
the Conejos River. The outflows are determined near the mouth of the Conejos
River at the confluence of the Rio Grande and Conejos Rivers. Again, the
predicted and historic outflows compare reasonably well.
COMPARISON OF THE STRATEGIES
Simpson, et a1., (1980) present the detailed results for each of the
three maAagement strategies. It is the purpose of this chapter to compare
pertinent annual quantities and the variation of calculation cell aquifer
levels from the computer model simulation runs for management strategy no.
1 and no. 2 with the historic management strategy. Only the quantities for
management strategy no. 1 and no. 2 showing a noticeable difference from the
historic strategy quantities will be addressed in this chapter.
The comparison of the strategies presented in this chapter is subdivided
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(i) Comparison of the behavior of the river systems within the
study area for the three strategies
(ii) Comparison of evaporation and unconfined aquifer excitations
(from the observation area (245 square miles) and the study
area (499 square miles)) for the three categories
(iii) Comparison of the calculation cell aquifer levels for management
strategy no. 1 with the historic strategy
(iv) Comparison of the calculation cell aquifer levels for management
strategy no. 2 with the historic strategy.
RIVER SYSTEMS
Overall System Behavior
Total System Return Flow: The comparison of the total system return flow
for management strategy no. 1 and no. 2 against the historic strategy is shown·
in Figure 20. Management strategy no. 1 has approximately 50,000 acre feet
return flow per year in comparison to the historic strategy, with a total
return flow of approximately 68,000 acre feet per year. The majority of
this decrease is a result of the reduction in San Luis Drain return flow while
the remaining decrease is in Rio Grande return flow. Further discussion on
return flowsts presented in following sections. The Conejos River return
flow is the same for both strategies.
The·total system return flow for management strategy no.2 is similar to
the historic strategy values in each of the 12 simulation years. There is a
slight deviation below the historic values due to the pumping from the Rock
Creek well field. The reduction in return flow due to the well field is partly
compensated for by recharge of the aquifer from the Rock Creek well field
drains located between the well field and the Rio Grande.
Rio Grande
Rio Grande Return Flow: Figure 21 shows the Rio Grande annual return
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annual return flow for management strategy no. 1 compared to the historic
value is reduced by approximately 2,000 acre feet. This decrease is a result
of pumping from the unconfined aquifer in the La Jara Creek well field. The
annual return flow ;n years 1 and 2 for management strategy no. 1 is slightly
greater than for the historic strategy. This is caused by the underestimation
of the evaporation at a few of the observation area grid cells. An adjustment
of the return flows for management strategy no. 1 to account for the evapora-
tion underestimation is not made. The adjustment is small.
The annual return flows for management strategy no. 2 are less than the
corresponding historic values. The return flows for management strategy no.
2 are adjusted values to account for the underestimation of evaporation at 19
grid cells above the Rock Creek well field. The reduction in return flow is
a result of the pumping of unconfined aquifer water from the 10 square mile
Rock Creek well field.
San Luis Dra;n Return Flow and Outflow
Figure 22 compares the San Luis Drain annual return flows for the three
strategies. For management strategy no. 1 the return flow is reduced compared
to the historic strategy. This is a result of the San Luis Drain reaches which
are part of the La Jara Creek well field. Pumping for crop consumptive use
from these reaches reduces the positive return flow. However, the San Luis
Dra;n annual outflows for management strategy no. 1 are similar to the his-
tor;c strategy outflows (Figure 23). Both downgradient drainage from irrigation
areas and water pumped from the La Jara Creek well field into the San Lu;s
Drain compensate for the reduction in return flow.
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historic strategy compare closely. The pumping from Rock Creek well field
decreases the return flow for management strategy no. 2. The decrease is
small.
EVAPORATION AND UNCONFINED AQUIFER EXCITATION
Evaporation
The comparison for the three management strategies of the annual evapora-
tion from the unconfined aquifer in the 245 square mile observation area is
presented in Figure 24. The annual evaporation for management strategy no.
1 is less than for the historic strategy. Consequently, the evaporation can
be reduced if the water table in the waterlogged areas in the San Luis Valley
is lowered. This reduction represents a IItrue ll water gain for the system and
makes more water available for crop production.
The annual evaporation for management strategy no. 2 is also less than
the historic strategy. This decrease is a result of the lowering of the water
table in the Rock Creek well field.
Study Area ',Unconfi ned Aqui fer Pumpi n9
The annual pumping from the unconfined aquifer to meet irrigation require-
ments within the 5 major irrigation areas and well field developments is shown
for the 3 strategies in Figure 25. The development of center pivot sprinkler
well fields in management strategies no. 1 and no. 2 result in the increase
in pumping compared with the historic strategy.
Net Extitation of the Observation Area Unconfined Aquifer
The net unconfined aquifer excitation for the 245 square mile observa-
tion area for the 3 management strategies are compared in Figure 26. The
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is 13,600 acre feet per year from year 2 onwards, while for the Rock Creek
well field in management strategy no. 2 the consumptive use is 8,500 acre
feet per year. Despite these additional withdrawals from the aquifer the net
excitations of the observation area for the three strategies are similar,
especially in the later years. The consumptive use in these well fields
is compensated for by the decrease in evaporation. Consequently, develop-
ment of these well fields does not dramatically alter the distribution of
irrigation water for existing users.
COMPARISON OF CALCULATION CELL AQUIFER LEVELS FOR MANAGEMENT STRATEGY NO.
AND THE HISTORIC STRATEGY
Introduction
Calculation cells within the La Jara Creek well field include cells 11,
15, 22, 23, and 29. The monthly variation of aquifer level at these calcula-
tion cells for management strategy no. 1 are compared to the historic strategy
results in the following section. The effect of the La Jara Creek well field
on the study area is assessed. The behavior of the aquifer level for a cell
(calculation cell 30) which is a part of the La Jara Creek well field drain
to the Rio Grande is also compared.
Calculation Cells Within the La Jara Creek Well Field
Figures 27 to 30 show the comparison of the aquifer levels for the 3
management strategies at calculation cells 11,15,22,23, and 29, respective-
lye It is evident from Figures 27,28, and 30 for calculation cells 11,15,
and 23 the aquifer levels for these cells in management strategy no. stabi - .
1ize at approxima:tely 6 to 9 feet below the ground surface compared to the
historic strategy where levels are closer to ground surface. Cells 11 and
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side of the San Luis Drain. These plots indicate the operation of the La Jara
Creek well field is successful in the vicinity of these three calculation cells.
The crop consumptive use is balanced by the recharge from the downgradient
drainage from the upslope irrigation areas.
The calculation cells 22 and 29 (Figures 29 and 31) are located south of
the San Luis Drain. The aquifer level for calculation cell 29 in management
strategy no. 1 does stabilize after being drawn down but does rise slightly
with time. However, the aquifer level for calculation cell 22 does not stabi-
lize and eventually waterlogs despite the crop consumptive use. Cell 22
waterlogged severely in the historic strategy. The recharge from the down-
gradient drainage and the severe waterlogging of adjacent grid cells in
management strategy no. 1 cause the aquifer level at cell 22 to rise with time.
This situation is not satisfactory for the successful operation of La Jara
Creek well field in this region. Additional measures, including further
drainage, would need to be considered to prevent this problem from occurring.
Calculation Cell 30 Within La Jara Well Field Drain
The comparison of the aquifer levels for the 3 strategies for calculation
cell no. 30 is shown in Figure 32. In management strategy no. 1 calculation
cell 30 is a part of one of the recharge drains for the La Jara Creek well
field. In the historic strategy the aquifer level stabilizes at three to
four feet below the ground surface. The formation of a mound of water in
management strategy no. 1 at calculation cell 30 is evident from Figure 32.
Water from this mound both recharges the aquifer beneath the La Jara Creek
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COMPARISON OF CALCULATION CELL AQUIFER LEVELS FOR MANAGEMENT STRATEGY NO.2
AND THE HISTORIC STRATEGY
Introduction
The Rock Creek well field for management strategy no. 2 incorporates
calculation cell numbers 12, 13, 16, 19, and 24. The aquifer levels at these
calculation cells for management strategy no. 2 are compared to the historic
strategy behavior in the following section. The effect of the Rock Creek
well field on the study is assessed. Calculation cells 20, 27, and 31 are
located between the Rock Creek well field and the Rio Grande. These cells
are part of the recharge drain from the well field to the Rio Grande. The
behavior of the aquifer levels at these cells for management strategy no. 2
and the historic strategy are compared in a section below. Finally, the aqui-
fer level for an irrigation area calculation cell (no. 9) adjacent to the Rock
Creek well field is compared for the 2 strategies.
Calculation Cells Within the Rock Creek Well Field
The aquifer levels for the 3 management strategies at cells 12, 13, 16,
19, and 24 are shown in Figures 33 to 37. All these figures indicate the
aquifer levels in the Rock Creek well field for management strategy no. 2
stabilize at a level far below the ground surface to ensure satisfactory
operation of the Rock Creek well field. This compares to the waterlogging
behavior at these cells in the historic strategy. In fact, the aquifer
levels at these cells in management strategy no. 2 are still falling slightly
with time after ,12 years. The aquifer recharge from both downgradient drain-
age and cells adjacent to the Rock Creek field will eventually balance the
crop consumptive use.
------ HISTORIC STRATEGY
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Calculation Cells Within Rock Creek Well Field Drains
Figures 38 to 40 show the comparison of the aquifer levels for the 3
strategies for calculation cell numbers 20, 27, and 31. Calculation cell 20
aquifer level variation in management strategy no. 2 exhibits similar behavior
to the historic strategy except the variation of the level for strategy no. 2
is larger. The plots for calculation cells 27 and 31 (Figures 39 and 40) in-
dicate the aquifer levels for management strategy no. 2 are closer to the
surface than for the historic strategy. This is a result of the formation of
a mound of water between the Rock Creek well field and the Rio Grande due to
seepage from Rock Creek well field recharge drains.
Calculation Cell No.9 Adjacent to the Rock Creek Well Field
The aquifer level variation for the 3 management strategies at calculation
cell no. 9 is shown in Figure 41. The aquifer level for management strategy
no. 2 is drawn down compared to the historic strategy. The lower aquifer
level in the Rock Creek well field adjacent to ~ell no. 9 causes the aquifer
level at this cell to decline with time. Consequently a result of the Rock
Creek well field is that aquifer levels at adjacent cells may be drawn down.
In addition, the use of sub-irrigation techniques may not be possible in these
adjacent cells due to the lower aquifer levels.
2
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CHAPTER VI
CONCLUSIONS
General. The 500 square mile study area in the San Luis Valley is a
complex system made up of many components and interactions between the
various components. A computer simulation model of this stream-aquifer-
irrigation system has been developed in this study to investigate various
management strategies. This report is a first step in the process of in-
vestigating the waterlogging problems of the study area in the San Luis
Valley. Two alternative management strategies are considered in this study;
however, many other possible strategies exist and could be investigated in
future studies. The results of these strategies indicate the value of com-
puter models for investigating various strategies for improving the conjunctive
use of surface and groundwater.
Chapters II through V of this report present the details of the computer
model and development of the model of the stream-aquifer-irrigation system
in the study area within the San Luis Valley. Chapter II describes the com-
ponents and interactions considered in the development of the hydrologic
model. Themodeling techniques adopted in the computer model for various
components and interactions along with degree of complexity of the technique
are presented. Chapter III presents the details of the actual computer pro-
gram. Chapter IV and V address the solution of the waterlogging problems in
the San Luis Valley. Chapter IV describes the historic management strategy
and the 2 alternative management strategies, while Chapter V compares the
results for the 3 management strategies.
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It is the intent of this chapter to summartze the conclusions related
to the results for the historic management strategy and the 2 alternative
management strategies. Some of the conclusions for this study have been
mentioned previously.
The Historic Management Strategy. The historic strategy is used as
a base run against which 2 well field development management strategies
can be compared. The change in both water volume and aquifer level varia-
tion at calculation cells in the management strategies compared with the
historic strategy is more important than the actual numerical value of
these quantities. The comparison of the results for the strategies is
presented in ChapterV. The computer model is an adequate representation
if the water volume quantities are reasonable approximations of the exist-
ing situation in the San Luis Valley.
In the historic strategy the major sources of irrigation water sup-
plied to the study area are surface water diversions and confined aquifer
deliveries. The utilizationof low-efficiency irrigation techniques, in-
cluding sub-irrigation, results in a great deal of drainage from the
irrigation areas to downslope areas both by overland flow and by aquifer
flow. The result is the continued waterlogging of these downslope areas
near the rivers within the study area. Flooding along the Alamosa/La Jara
system also contributes to waterlogging, however, the major waterlogging
mechanism is the downgradient water movement from irrigation areas .
. The results in Chapter V for the historic strategy suggest that the
computer model is reasonably calibrated with the existing situation in the
San Luis Valley. The predicted monthly outflows for both the Rio Grande
and Conejos Rivers agree fairly well with historic outflows (Figures 18 and
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19). The Rio Grande compact is also satisfied in each of the 12 years
of simulation. The total return flow for the system is approximately
65,000 acre-feet per year while the evaporation from the observation
area increases from 180,000 acre-feet in year 1 to 240,000 acre-feet per
year in year 12. Waterlogging of the downslope areas between the irrigation
areas and the rivers is predicted by the model for the historic strategy.
This coincides with knowledge of waterlogging which exists presently in
the San Luis Valley.
Management Strategy No.1. The purpose of the first management stra-
tegy (La Jara Creek well field development) is to lower the water table in
a 16 square mile area. This would enable leaching of salts, land prepara-
tion and planting of crops. A development of 4 center-pivot sprinklers per
square mile is assumed in both this management strategy no. 1 and for manage-
ment strategy no. 2. Both these alternative strategies serve as examples
of the effect of a well field development on the study area.
From the comparison of results in Chapter V it is concluded that the
strategy for development of the La Jara Creek well field is only partially
successful. The intent of this strategy is to permanently lower the water
table to 8 to 10 feet below the ground surface. The lowering of the aquifer
level is achieved for drains 1 and 2 (calculation cells 11, 15, 23, and 30 --
Figures 27, 28, 30, and 32, respectively) in the La Jara well field. The
recharge of these well field drains balances the consumptive use of the crops
grown in this section of the La Jara Creek well field. The net excitation
for the recharge drains in the La Jara Creek well field except for the San
Luis Drain is positive indicating aquifer inflow from adjacent areas must
occur for the aquifer level to stabilize. This strategy is not successful
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for the section of the La Jara Creek well field incorporating San Luis Drain
cells and cells to the south of the San Luis Drain. The lowering of the
aquifer level to 8 to 10 feet below the ground surface is not achieved for
drain 3 comparised of the San Luis Drain cells. The aquifer level varies
between 3 and 5 feet below the ground surface due to aquifer recharge from
the San Luis Drain. Adequate leaching and drainage may be difficult to
achieve with aquifer levels close to the surface. In addition~ the upper end
of drain 4 located south of the San Luis Drain (cell 22 -- Figure 29) becomes
waterlogged with time despite the consumptive use of crops and dewatering
pumping each March. This waterlogging is caused by the downgradient drainage
from the Alamosa/La Jara irrigation area to cells south of drain 4. Conse-
quant1y, further drainage measures would be necessary in this strategy to
prevent this waterlogging. Drains from the downslope drainage areas to the
Rio Grande or additional dewatering pumping from the La Jara Creek.we11 field
would solve this problem.
In this management strategy dewatering pumping is carried out each March
in the La Jara Creek well field to lower the aquifer level. The quantity of
pumping would be reduced if the amount of recharge of downgradient drainage
in the well field drains is reduced. Leaving the drains unchecked for a
portion of the year would achieve this goal.
Lowering the water table in the La Jara creek well field area reduces
the evaporation from the 245 square mile observation area compared with the
evaporation for the historic strategy (Figure 24). This reduction repre-
sents a true gain of water for the stream-aquifer system.
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The total system return flow is considerably less for this strategy
compared to the historic strategy (Figure 20). The Rio Grande return flow
is reduced by approximately 2,000 acre-feet per year as a result of this
strategy compared with the historic strategy (Figure 21). This is a result
of lowering the water table in the La Jara Creek well field, however, the
effect on the Rio Grande return flow is not a significant change. The re-
turn flows to the San Luis Drain are reduced in this strategy compared with
the historic values by approximately 16,000 acre-feet per year (Figure 22),
however, the outflow from the drain to the Rio Grande is similar in both
cases (Figure 23). The decrease in San Luis Drain return flow is compen-
sated for by both the downslope drainage from irrigation areas and dewatering
pumping in March to the drain. Drainage from the well field to the Rio Grande
contributes to the Rio Grande Compact agreement and consequently, additional
diversions from the Rio Grande take place in this management strategy compared
with the historic strategy.
Management Strategy No.2. The purpose of the second management strategy
is to lower the water table in a 10 square mile area (Rock Creek well field)
to enable the growing of crops using a center-pivot sprinkler irrigation system.
From the comparison of strategies in Chapter V it is concluded this strategy
is reasonably successful. Permanent lowering of the aquifer level to 8 feet or
further below the ground surface occurs at all cells within the well field
(calculation cells 12, 13, 16, 19, and 24 -- Figures 33 to 37). Recharge of
the well field aquifer approaches a balance with the consumptive use of the
crops grown in the Rock Creek well field. As in the first management strategy,
the annual net excitation at cells in the well field area is positive indicating
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aquifer flow from adjacent areas must also contribute to recharge of the
aquifer below the Rock Creek well field. An effect of lowering the aquifer
adjacent to the well field may be to prevent the use of sub-irrigation tech-
niques.
As a result of the permanent lowering of the aquifer levels at least
6 feet below the ground surface, dewatering pumping (March) to lower the
aquifer level is not necessary from year 3 onwards in the Rock Creek well
field strategy. This result contrasts with the first management strategy.
Evaporation from the 245 square mile observation area is also reduced
;n this strategy as in management strategy no. 1 (Figure 24) as a result of
the lowering of the water table in the Rock Creek well field area. A net
gain of water results for the study area. Consequently, the irrigation water
for consumptive use requirements of the crops in the Rock Creek well field
is made available without adversely affecting existing water users.
The total return flow for the system decreases for this management
strategy compared with the historic management strategy (Figure 20). The
return flows for the Conejos River and San Luis Drain (Figure 22) are simi-
lar for both strategies. The decrease in total return flow results from the
decrease in Rio Grande return flow. The lowering of the water table in the
Rock Creek well field reduces the return flow from the unconfined aquifer
to the Rio Grande.
Finally, the impact of the Rock Creek well field on other irrigators
in the study area has both advantages and disadvantages. Water deliveries
to the Rio Grande from the Rock Creek well field drains go to meet the Rio
Grande Compact agreement, and consequently more surface water diversions are
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available from the Rio Grande in this strategy compared with the historic
strategy. Waterlogged areas adjacent to the Rock Creek well field may also
become reclaimable as a result of the lowering of the water table in the region
of the Rock Creek well field. A detrimental effect of the Rock Creek well
field scheme is the drawdown of the aquifer in irrigation areas adjacent to
the Rock Creek well field. Sub-irrigation may be eliminated in these areas
as a result of the lower water table. The net quantity of water available
to users in the study area does not decrease as a result of this management
strategy. The decrease in evaporation compensates for the consumptive use
I
of the crops in the Rock Creek well field development.
Suggestions for Further Research
In economic terms, waterlogging is an lI externality ll (an unintended un-
compensated side effect of normal production activities). Normal market
processes fail to account for external effects, anrl institutional adjustments
are usually called for. Control of waterlogging, as seen above, can be phy-
sically accomplished by reducing irrigation losses and/or by drainage of
affected lands, and investments in conveyance and drainage facilities are
required for control of the problem.
The next steps in the research program will call for assignment of econo-
mic costs and benefits of the drainage activities, so as to measure the private
and social rates of return to the community groundwater management institutions
designed to control waterlogging.
APPENDIX
APPENDIX
INVENTORY OF POTENTIALLY RECLAIMABLE t WATERLOGG~~
AND SALT-AFFECTED LANDS IN LOWER SAN LUIS VALLEY~
OBJECTIVES
The objectives of this phase of the study were to delineate and inven-
tory waterlogged and salt-affected soils in the study area that could be
reclaimed and put into crop production if the water table was lowered and
if improved irrigation management practices were followed thereafter.
PROCEDURES
The general location of the study area is south and west of the Rio
Grande and north of the Conejos River t extending between Monte Vista and
Alamosa. The area encompasses parts of Alamosa t Rio Grande t and Conejos
counties.
Soil surveys of Alamosa t Rio Grande, and Conejos counties and u.S.
Geological Survey topographic maps (1:24,000 scale) of the study area were
obtained. Soil samples of major soil series lying to the south and west
of Alamosa (described in Table A-4) were generously provided by Soil
Conservation Service and CSU Extension Service personnel.f1
One reason for analyzing soil samples was to determine whether or not
the salt and sodium contents of major soil series were significantly different
lIprepared by Professor William T. Franklin, Department of AgronomYt Colorado
State University. Appreciation is expressed to John Olsen for analysis of
soil samples and to Wayne Jensen for making map overlays and determining
land acreages.
~Mike Peterson t SCS, USDA, and Abe Relyea t Area Agronomist, Colorado State
University Extension Service t Alamosa, Colorado.
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for analytical results obtained several years ago and reported in Soil
Survey of Alamosa Area, Colorado (1973). Saturated paste extracts of the
soil samples were analyzed to determine salt (ECxl03) and sodium-absorption-
ratio (SAR). The gypsum content of each soil sample was measured also.
The salt and sodium contents of the samples fell within the expected range
as reported by the Soil Survey of Alamosa Area, Colorado (1973).
Overlays of soil series, delineated on aerial photos, were superimpos€d
on the 1:24,000 scale USGS topographic maps. Blocks of land that were farmed,
predominately, and Wildlife Refuge land were eliminated from the II potentially
reclaimable" category. Waterlogged and/or salt-affected soil series were then
segregated into two different general areas (Figure A-l) that are potentially
reclaimable.
The soils within the two general areas were then subdivided into three
groups on the basis of salinity, exchangeable sodium, and water table depth,
as follows:
1. Wet Meadow Soils (Group I) - Non-saline to slightly salinized
waterlogged soils needing drainage but no gypsum or leaching
water before cropping.
2. Salt Meadow Soils (Group II) - Salinized and waterlogged soils
requiring drainage and leaching water applications before cropping.
3. Salt Flat Soils (Group III) - Saline and sodic soils requiring
drainage, gypsum, and leaching water for reclamation before estab-
lishing crops.
IlIA - Soils containing gypsum within the profile.
IIIB - Soils containing no gypsum requiring application of
commercial amendment.
Necessary treatments or procedures for reclaiming each group of soils
were proposed and the time to accomplish complete reclamation and achieve
full crop production was estimated. Production capabilities of each group
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were estimated under present conditions and under completely reclaimed
conditions with a high level of management.
SOIL ANALYTICAL RESULTS AND GROUPINGS OF SOILS
The analytical results on soil samples taken by series lying generally
south of Alamosa are shown in Table A-l. The soils can be placed into three
broad groups with respect to severity of waterlogging and salt and sodi-um
contents.
Wet Meadow Soils (Group I) - Non-Saline to Slightly Saline Soils
The Alamosa and Vastine series (Table A-l) are representative of the
first group. Other soils falling within this group are the La Jara series,
Sandy and Loamy Alluvial Land, and Marsh areas. The above soils consist of
level to nearly level, low flood plain areas along the Rio Grande, Alamosa
Creek, La Jara Creek, and Rock Creek that are flooded periodically during
spring runoff. The water table is about one foot from the soil surface dur-
ing much of the growing season but may drop to four feet or lower during
fall and winter months. The frequent surface flooding prevents accumulation
of salts at the soil surface. Thus, crop cultivation is mainly limited by
the high water table and wet conditions.
Vegetation consists of water-tolerant species, such as sedges, rushes,
slough grass, alkali sacaton, and salt grass. The soils produce native hay,
as well as furnishing pasture for livestock. Willows and cottonwoods occur
along river and stream banks in some places.
Salt Meadow Soils (Group II) - Saline, Non-Sodic Soils
The Acacio (1) and Zinzer (1) samples in Table A-l are representative
of this group. Other series in this group are parts of the Alamosa,
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Nortonville, San Acacio, Hooper, Mosca, McGinty, Villa Grove series and
Wet Alluvial Land. These soils consist of nearly level fl~od plain areas
of the valley floor that are slightly higher in elevation than the wet
meadow soils and are subject to occasional flooding only when runoff is
much higher than normal. In some places these soils form a band between
the wet meadow and drier soils. The salt meadow soils have a seasonal high
water table at about two to two and one-half feet from the surface resulting
from irrigation seepage from creeks or the Rio Grande. Crop cultivation is
limited by both salinity and high water table.
Vegetation is variable from site to site but usually consists mainly
of alkali sacaton, alkali cordgrass, slender wheatgrass, saltgrass, wirerush,
sedges, and perennial forbs. Scattered greasewood and rabbitbrush occur on
some of the drier sites. The vegetation is harvested as native hay and used
for pasture in most areas.
Salt Flat Soils (Group III) - Saline and Sodic Soils
The Acacia (2), Zinzer (2), and Lasauses samples in Table A-l are repre-
sentative of Group IlIA, saline-sodic soils containing gypsum. Other series
falling in this group within the study area are saline phases of San Acacia,
Nortonville, and Villa Grove. Soil series in Group IIIB, saline-sadie soils
that generally do not contain gypsum, are Corlett, Gunbarrel, Hapney, Hooper,
Laney, McGinty, Mosca, and San Luis. All these soils occupy gently sloping
low terrace positions adjacent to salt meadow and wet meadow soils along the
Rio Grande and various creeks and are somewhat higher than salt meadow and
wet meadow soils. These soils are seldom, if ever, flooded under natural
conditions. However, the salt flat soils are subject to a fluctuating water
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table that is three feet from the surface during most of the cropping season
and may fall to as low as six feet during fall and winter months. Crop cul-
tivation is limited by excess salt and sodium, by lack of precipitation,
and by the high water table.
Vegetation is generally a mixture of salt-tolerant grasses and shrubs
consisting of alkali sacaton, alkali cordgrass, western wheatgrass, blue
grama, four-wing saltbush, saltgrass, greasewood, rabbitbrush. The vegeta-
tion has a limited grazing value for livestock.
ACREAGES OF POTENTIALLY RECLAIMABLE AREAS AND GROUPS
The acreage of potentially reclaimable land falling into each area and
each group were measured on color-coded overlays of soil series. These
measurements are as follows:
Group Area I Area I I
Wet Meadow (I) 14,810A
Salt Meadow (II) 20,260A
Salt Flat (IlIA) 23,730A 6,860A (no gypsum needed)
(IIIB) 27,460A (2,700 need 10-12 T/A gypsum)
Total Reclaimable 58,800A 34,320A (24,000 need 5-6 T/A gypsum)
Farmed ------- 5,120A
Total Land 58,800A 39,440A
The "farmed land" category in Area I could not be determined in an un-
ambiguous way from the aerial photos used because native hay is harvested
from wet meadow and some salt meadow soils. Thus, difference between land
harvested for native hay and land planted with grain, for example, were not
easily discernible. Estimates do not include land necessary for drain ditches,
irrigation ditches, roads, and farmsteads.
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RECOMMENDED RECLAMATION TECHNIQUES
Requirements for putting waterlogged and salinized land into normal
agricultural production include part or all of the following treatments.
Flood Control, Drainage, and Aquifer Recharge
Flood control is necessary to prevent periodic inundations of wet meadow
and salt meadow soils adjacent to Alamosa, La Jara, and Rock Creeks, and the
Rio Grande. Putting up and stabilizing dikes or levees along these bodies
of water are probably the most feasible treatments. Stabilization of dikes
would probably consist of facing the earthen dike with rocks and establish-
ing permanent vegetative cover. This would be necessary mainly in Area I
(Figure A-l).
Drainage would best be maintained by pumping from wells. The water
table should be lowered eight to ten feet from soil surface for most effi-
cient salt leaching. The unconfined aquifer has a specific yield coefficient
of about 0.2 (Emery, et al., 1972). Thus, the water table would drop about
five feet for each foot of water pumped and removed from the area. Some
drain ditches would still be necessary for removal of excess water. This
would be applicable to both Area I and Area II. Open drain ditches, spaced
one mile apart at a minimum, would be essential and vital for recharge of
the unconfined aquifer also.
Brush Eradication
Some IIbrush ll eradication may be necessary on all three groups of soils.
Removal of willows and trees (on smaller areas) would be helpful immediately
adjacent to the Rio Grande, the various creeks, and drainage ways leading
into the river and creeks. These appear only on wet meadow soils (Group I)
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and constitute only relatively small acreages within this group.
Some drier sites in the salt meadow group (Group II) have scattered
greasewood and rabbitbrush. This vegetation could be cleared with a bull-
dozer blade t piled t and burned after the water table is lowered.
The salt flat soils generally have a cover of greasewood t rabbitbrush t
and saltbrush varying in density. Removal can be accomplished in several
ways but the simplest means is uprooting the brush with railroad ties pulled
behind a track-type tractor, piling the brush t and burning it when dry.
Land Leveling and Irrigation Systems
Land leveling is necessary in both areas and on all three soil types.
The land, for the most part, is realtively flat t sloping 0-1 percent toward
the east and northeast. Land leveling requirements are best described as
"light." Small areas of wet meadow land near the Rio Grande contain hummocks
which would result in variable leveling requirements and would have somewhat
higher than average leveling costs. Small dunes occur in some drier soil
sites, making leveling costs variable in other areas also. Land leveling
costs would be somewhat less for areas which could be sprinkler irrigated.
Sprinkler irrigation would be recommended for about 70 percent of Area
II, or 27,500 acres in the western part of this area. This part of Area II
consists predominantly of coarse-textured loamy sand soil. Approximately
3,000 acres of coarse-textured land south of La Jara Creek near the Rio
Grande in Area I would be best suited for sprinkler irrigation also. All
other soils, which are generally in the medium-textured class, could be
irrigated satisfactorily by flood or furrow irrigation. The available
moisture in the top 0-2 foot depth of medium-textured soil is about 4.2
inches of water and about 3.3 inches in the 2-4 foot depth, totaling 7.5
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inches. In comparison, total available moisture in the 0-4: foot depth
of the coarse-textured soil is about 3 inches. Permeability of the medium-
textured soil in Area I generally ranges between moderately slow (.2-.8 in/hr)
and moderate (.8-2.5 in/hr), whereas the permeability of coarse-textured soils
generally ranges between moderately rapid (2.5-5 in/hr) and rapid (5-10 in/hr).
Thus, because the permeability of the medium-textured soils is relatively
slow compared with the coarse-textured soils and the moisture-holding capa-
city is relatively high, the medium-textured soils should be well-suited to
flood or furrow irrigation.
Even though the medium-textured soils are suitable for flood or furrow
irrigation, difficulties in obtaining reliable labor in the San Luis Valley
may make sprinkler irrigation actually more feasible than flood.
Amendments, Subsoil Tillage, and Leaching
The wet meadow and salt meadow soils in Area I are non-sodic (ESP 15)
and, therefore, need no amendment. The salt flat soils in both Area I and
Area II are sodic (ESP 15). The salt flat soils in Area I contain substantial
amounts of native soil gypsum, more than enough to reduce exchangeable sodium
to acceptable levels in the majority of cases (Table A-2). However, the
native gypsum does not extend to soil surface in some cases (Acacio, Sample
2, Table A-l). It is estimated that about 4,500 acres of such land exists in
Area I, or about 20 percent of salt flat soils. Plowing to a depth of two
and one-half to three feet with a moldboard plow would bring the necessary
gypsum to the soil surface in the majority of the cases. The cost of deep-
plowing is estimated to be $55 per acre.
About 15 percent of the salt flat soils in Area II (about 5,000 acres)
contain substantial amounts of native soil gypsum. A commercial amendment
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1/ One A-ft of water passing through a I-ft soil depth will dissolve about 1.75 tons of native soil
gypsum (equal to J ~e/100g)
* Assuming soil was ~oldboard plowed to bring gypsum to soil surface.
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would have to be applied to remove excessive exchangeable sodium on the re-
maining 85 percent. About 27,600 acres of land in Area II consist of
coarse-textured loamy sand and sandy loam soils. Chiseling (subsoil tillage)
would be beneficial for improving the uniformity of water infiltration and
improving plant root development on the coarse-textured soils. On the aver-
age, this land would require an application of 4·to 5 T/A of gypsum to reduce
exchangeable sodium to a desirable level (ESP 10). The application could be
reduced by about 1 T/A if a high Ca groundwater was used for leaching. In-
formation about groundwater quality within both Areas I and II is very
sketchy, however. Medium-textured soils (loam to clay loam) exist on about
6,700 acres in Area II. Most of this land would require 40 to 80 T/A.
The wet meadow soils would not require leaching water for salt or sodium
removal, in general. Salt meadow soils would require about two acre feet per
acre of leaching water before planting a crop to reduce salt to an acceptably
low level (Table A-2). The salt flat soils would require more leaching water
than salt meadow soils because water is required to dissolve native soil
gypsum but will dissolve only 1.25 to 1.5 TIA of commercial gypsum. In general,
less commercial gypsum is dissolved than native soil gypsum because it is con-
centrated at the soil surface and generally has a larger particle size ·than
native soil gypsum. In general, 4 to 5 acre feet per acre of water will be
required to reduce the ESP to less than 10 percent in the 0-1 foot depth
before the crop is planted (Table A-2). Reducing the ESP before cropping is
much more critical for the medium-textured soils than for coarse-textured
soils. Applications of water totaling more than 10 acre feet per acre are
needed to reduce the ESP to less than 10 percent in the 0-3 foot foot zone
depth (Table A-2).
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ADJUSTED ACREAGES OF POTENTIALLY RECLAIMABLE LAND IN AREA I
The net total acreage of potentially reclaimable land in Area I after
adjustment for flood control, ditches, roads, and farmsteads is broken down
as shown in Table A-3.
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57,345 - 2,000 of roads and drains 55,345



















2,100 ft. E and 500 ft. S of NW corner, Sec. 2, T37N, R 10E
800 ft. E and 200 ft. N of SW corner, Sec. 15, T36N, R 10E
1,500 ft. Nand 200 ft.W of SE corner, Sec. 13, T36N, R 10E
2,500 ft. Sand 500 ft. Wof NE corner, Sec. 1, T36N, R 10E
(Shown as La Jara on survey map)
100 ft. Wand 100 ft. N of SE corner, Sec. 4, T36N, R 10E
1,800 ft. Wand 100 ft. S of NE corner, Sec. 3, T36N, R 10E
900 ft. Wand 500 ft. N of SE corner, Sec. 4, T36N, R 10E
100 ft. Wand 1,200 ft. N of SE corner, Sec. 4, T36N, R 10E
350 ft. Wand 100 ft. N of SE corner, Sec. 9, T36N, R 10E
500 ft. Sand 250 ft. Wof NE corner, Sec. 12, T36N, R 10E
1,000 ft. Sand 1,000 ft. E of NW corner, Sec. 7, T36N, R 10E
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